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Our  present^work  concerns  the  electrical  control  of  orofacial  pain  (Electro- 
analgesia^  (EA))  by  two  entirely/ distinct  physioligeal  mechanisms.  JPo~  tiate,yr' 
tW  tooth  pulp  has  been  uaerf  as  a model  of  general  orofacial  pain  in  all  af~^ 

out 'studies. 

One  mechanism^fiating  Block  EA;^  “involves  diffuse,  low  intensity  stimulation 
of  orofacial  skin  or  mucous  membranes,  and  is  apparently  effective  through^ 
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^the  interaction  of  multiple  sensory  modalities  in  the  central  nervous 
system.  Human  experiments, -using  experimental  pall^have  demonstrated 
that  this  form  of  EA  has  definite  analgesic  effects,  characterized 
certain  features  of  electrical  waveforms  and  sites  of  stimulation,  and 
permitted  ^th^attainment  of  institutional  sanction  tol-«autiousi^begin 
tests  on  pathological  pain  in  patients.  Concurrently^  experiments  in 
behaving  cats  have  <^«t»e>been  in itiated^fol lowing  development  of  the 
experimental  model,  and  are  being  used  to  continue  the  study  of  C, a s 

waveforms  and  anatomical  sites.  ^Effective  EA  has  been ^demonstrated  ' — — 

using  subcutaneous  stimulation  near  the  mental  foramen. 

The  second  mechanism.  Receptor  B^ock  EA^’  involves  localized  stimulation 

at  the  focus  of  pain  origin.  Such  effects  have  historically  been  _ jC~hj  au  it*  rs  * 

attributed  to  anodal  blockade,  but  *our  reaarkable»-success  with  a novel  — 

pulsating  direct  current  waveform  suggests  taor£’ sub tle^inechan isms 
having  superior  clinical  practicality.  The  experiments  have> involved 
acute  recording  procedures  from  single  pulp-driven  units  of  the  e* 

Gasserian  gapglion  in  anesthetized  cats.  Using  our  novel^pulsat ing 
waveform, ^ we'  h&ve  demonstrated  analgesia  equivalent  to  continuous 
direct  current  awhile  virtually  eliminating  the^serious  side  effects, 
of  the  latter  waveform.  H* ^ 
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ABSTRACT 
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Peripheral  nerve  transmission  and  perceptual  awareness  associated  with 
pain  can  be  controlled  by  the  application  of  electrical  current.  Our 
goal  is  to  assess  the  feasibility  of  using  electrical  currents  (Electro- 
analgesia, or  EA)  to  control  acute  or  chronic  orofacial  pain. 

Our  present  work  concerns  two  specific  and  entirely  distinct  pain  control 
mechanisms.  One  mechanism.  Gating  Block  EA,  involves  a distributed  low 
current-density  electrical  stimulation  of  the  skin  or  mucous  membranes, 
and  is  believed  to  be  effective  by  virtue  of  intermodality  interactions 
in  the  central  nervous  system,  to  interference  with  peripheral  nerve 
conduction,  or,  more  probably,  to  a combination  of  both  mechanisms.  The 
second  pain  control  mechanism  under  investigation  is  Receptor  Block  EA. 

The  latter  technique  features  localized,  low-power  electrical  stimulation, 
and  is  believed  to  be  effective  by  virtue  of  interference  with  receptor 
mechanisms  at  the  level  of  actual  sensory  transduction  and/or  the  block 
of  conduction  in  initial  portions  of  primary  afferents.  To  reiterate,  our 
work  is  directed  to  the  study  of  two  totally  distinct  EA  mechanisms,  and, 
realistically,  should  be  viewed  as  two  entirely  separate  projects. 

The  Gating  Block  EA  program  presently  involves  two  experimental  series, 

Human  Psychophysiological  Experiments  and  Chronic  (Behavioral)  Psycho- 
physiological  Experiments,  respectively.  The  Human  Experiments  of  the 
present  contract  year  were  directed  first  to  the  study  of  the  efficacy 
of  EA  in  relation  to  electrode  configurations  and  anatomical  sites  of 
stimulation,  and,  secondly,  to  a comparison  of  the  best  configuration 
and  site  thereby  identified  with  our  standard  intraoral  site  used 
historically.  The  latter  tests  were  particularly  important  since  the 
optimal  site  identified  had  an  extraoral  location  and  therefore  offered 
important  advantages  regarding  accessibility.  The  Chronic  experimental 
model  has  been  under  development  for  some  time.  Its  principle  importance 
follows  from  the  ability  to  test  analgesia  at  the  perceptual  level  and 
the  greater  flexibility  afforded  by  animal  models  permitting  tests  not 
allowed  in  humans.  During  the  present  contract  year,  development  of  the 
Chronic  model  was  completed  and  data  was  collected  to  quantitatively  define 
its  characteristics.  In  addition,  preliminary  data  derived  from  the  initial 
definitive  EA  experiments  are  described. 

The  Receptor  Block  EA  program  has  exclusively  involved  Acute  Neurophysio- 
logical Experiments  to  date.  Work  of  the  present  contract  year  first 
• established  the  feasibility  and  potential  advantages  of  using  a pulsating 

direct  current  waveform  instead  of  continuous  direct  current.  This 
represented  a major  breakthrough,  because  we  have  previously  shown  that 
» continuous  direct  current,  while  effective,  induces  significant  irreversible 

effects.  The  pulsating  direct  current  waveforms  permitted  circumvention 
of  these  problems.  The  latter  experiments  were  followed  first  with  an 
experimental  series  to  identify  the  optimal  duty  cycle  of  the  pulsating 
direct  current  waveform,  and,  secondly,  with  an  experimental  series  Just 
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recently  completed  to  identify  the  optimal  frequency  of  the  pulsating  direct 
current  waveform.  Investigations  of  alternating  current  EA  are  to  be 
initiated  shortly  and  may  provide  further  waveform  improvements. 


The  military  significance  of  Gating  Block  EA  and/or  Receptor  Block  EA  is 
significant  in  terms  of  potentialities  of  increased  manpower  efficiency, 
reduction  of  analgesic  contingencies,  and  enhancement  of  the  effectiveness 
of  various  therapeutic  procedures.  These  objectives  are  being  obtained 
in  a cost-effective  manner  by  cross  utilization  of  skills  and  facilities 
in  a multidisciplinary  team  effort. 
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GATING  BLOCK  ELECTROANALGESIA:  HUMAN  PSYCHOPHYSIOLOGICAL  INVESTIGATIONS 


The  Gating  Block  EA  program  is  based  on  the  "Gate  Control  Theory"  of 
pain,  proposed  in  1965  (1).  In  essence.  Gate  Control  Theory  suggested 
that  the  various  somatic  modality  channels,  historically  considered 
to  be  independent,  actually  exhibited  significant  interactions  as  early 

che  initial  synaptic  relay  centers  in  the  spinal  cord.  The  interactions 
were  such  that  concurrent  activity  in  other  modalities  attenuated  the 
transmission  of  afferent  activity  associated  with  pain,  whereas,  in  con- 
trast, continued  nociceptive  inputs  were  considered  to  be  self-enhancing 
through  positive  feedback.  The  original  paper  on  Gate  Control  Theory 
also  proposed  a functional  schematic  of  the  spinal  cord  interactions 
involving  pain. 

Proposal  of  the  Gate  Control  Theory  triggered  a flurry  of  interest  and  a 
wealth  of  experimental  work.  The  theory  was  extremely  attractive  in  that 
it  functionally  explained  many  aspects  of  pain  which  previously  had  been 
quite  obscure  (2,3).  Some  workers  took  the  proposed  functional  schematic 
too  literally  and  rejected  the  theory  based  on  isolated  inconsistencies 
(4,5).  Nevertheless,  a wealth  of  information  from  single-unit  studies  in 
the  spinal  cord  and  Trigeminal  complex  has  confirmed  the  functional  concepts 
of  the  Gate  Control  Theory  and  led  to  a monumental  increase  in  the  level 
of  understanding  of  the  organization  of  pain  pathways  (2,4,6-16).  Pain 
can  be  attenuated  by  activity  in  other  afferent  modality  channels,  and 
combinations  of  such  activity  can  be  optimized  for  analgesic  effectiveness 
(11-13).  Furthermore,  information  on  interactions  occurring  in  higher 
centers  of  the  central  nervous  system  is  accumulating  rapidly  (2,3,17). 

In  particular,  at  the  level  of  the  thalamus,  three  nuclear  centers  have 
been  shown  to  participate  in  nociceptive  mechanisms.  Certain  elements 
of  the  ventro-basal  complex  (VB)  seem  to  be  predominantly  associated  with 
the  Sensory-Discriminative  dimensions  of  pain,  whereas  particular  components 
of  the  CM-Pf-intralaminar  complex  (MT  for  Medial  Thalamus)  and  of  the 
Posterior  Nuclear  Group  (PO)  have  been  predominantly  associated  with  the 
Motivational-Aversive  dimensions  of  pain  (2,4,9,10).  Also,  there  seems  to 
be  significant  feedback  interactions  between  MT  and  PO  (16),  and  PO  has 
been  shown  to  communicate  principally  with  SII  of  the  somatosensory  cortex 
(17),  a center  which  has  also  been  associated  with  aversive  responsiveness 
to  pain  (18).  Thus  a strong  and  evergrowing  foundation  of  information 
supporting  and  further  elucidating  Gating-type  interactions  is  accumulating 
as  the  result  of  acute  animal  experiments  investigating  nociceptive  neural 
activity  at  the  cellular  level. 

Many  studies  of  Gating  Block  analgesia  in  humans  have  shown  that  the 
perceptual  experience  associated  with  experimental  pain  can  be  attenuated 
or  blocked  by  electrical  stimulation  of  the  same  dermatome  (19-21).  The 
electrical  stimulation  employed  has  been  of  a distributed  nature  commonly 
near  a peripheral  nerve  (Transcutaneous  Nerve  Stimulation,  TNS) . Most 
reports  have  explained  the  experimental  results  in  terms  of  the  Gate 
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Control  Theory  or  similar  central  interactions,  but  one  study  claims  signi- 
ficant contributions  by  a peripheral  nerve  blockade  (21).  Thus,  the 
perceptual  consequences  of  Gating  Block  EA  may  be  the  result  of  a mixture 
of  peripheral  and  central  effects,  depending  upon  Individual  circumstances. 

Data  related  to  pathological  pain  in  humans,  as  opposed  to  experimental 
pafn,  is  voluminous  by  comparison.  Primary  interest  in  such  studies  was 
i '"ially  concerned  with  the  use  of  dorsal  column  stimulation  to  relieve 
chronic  pain,  a technique  involving  the  implantation  of  a stimulator  with 
leads  placed  on  the  dorsal  columns  (22-25).  The  rationale  of  dorsal  column 
stimulation  was  an  attempted  attenuation  of  pain  by  virtue  of  Gate  Control 
mechanisms  in  the  spinal  cord,  accessed  via  antidromic  activation  of 
ascending  collaterals  of  non-nociceptive  primary  afferents  (25).  As  use 
of  dorsal  column  stimulation  matured,  cutaneous  stimulation  was  employed 
to  orthodromically  activate  the  same  non-nociceptive  inputs  to  Gating 
mechanisms  in  an  attempt  to  evaluate  candidates  for  potential  dorsal  column 
implants,  and  the  general  efficacy  of  TNS  was  subsequently  realized  (25). 

Dorsal  column  implants  have  provided  varying  degrees  of  success,  and  their 
present  use  is  predominantly  limited  to  a small  fraction  of  patients  exhi- 
biting certain  chronic  pain  syndromes.  TNS  also  has  exhibited  differing 
degrees  of  success  to  date  (25-33) , apparently  because  of  variations  in 
the  efficacy  of  particular  waveforms  and  stimulus  configurations  relative 
to  appropriate  activation  of  the  requisite  neural  structures  (the  exact 
fibers  subserving  optimal  interactions  are  still  unidentified).  Besides 
our  studies  using  experimental  pain  and  our  preliminary  tests  of  pathological 
pain  in  humans  (34),  only  one  preliminary  report  remotely  related  to  the 
electrical  relief  of  orofacial  pain  in  humans  using  Gating  Block  stimulus 
formats  has  been  reported  (19). 

The  literature  relevant  to  Gating  Block  EA  indicates  a significant  potential 
for  effective  clinical  utility,  a conclusion  strongly  supported  by  data 
from  our  laboratory  previously  reported  (34)  and  presented  below.  Further 
studies  are  required  to  delineate  the  specific  efficacy  of  particular  wave- 
forms and  application  strategies  relative  to  defined  clinical  pain  condi- 
tions. 

The  Human  Psychophysiological  Experiments  of  the  present  contract  year 
employed  experimental  pain  induced  by  the  electrical  stimulation  of  intact 
teeth,  the  application  of  EA  through  electrodes  applied  to  the  surfaces 
of  the  skin  or  mucous  membranes,  the  use  of  perceptual  indices  of  sensibility 
based  on  verbal  reports,  and  the  use  of  an  experimental  design  compatible 
with  Signal  Detection  Theory  formats  of  data  analysis  and  interpretation. 

This  work  completes  the  study  of  experimental  pain:  future  work  is  to  be 
directed  to  the  investigation  of  pathological  pain  in  human  subjects  presenting 
to  institutional  clinics. 

Methods 


The  human  model  for  the  study  of  experimental  pain  involved  adaptations  of 
clinical  pulp  vitalometry  (35),  the  electrical  stimulation  of  teeth  to  assess 
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the  status  of  pulpal  health.  The  voltage  required  for  threshold  sensory 
perception  In  n tooth  Is  clinically  related  to  the  health  status  of  the 
pulp  (36).  In  normal,  healthy  teeth,  found  In  our  specially  selected  human 
subjects,  the  voltage  threshold  for  sensory  perception  Is  Indicative  of  the 
level  of  excitability  In  pulpal  nerve  fibers.  In  an  uncompromised  tooth 
responsive  to  normal  levels  of  stimulation,  the  administration  of  analgesic 
agents  (or  EA)  will  raise  the  threshold  of  stimulation  required  to  induce 
rceptual  experience.  Our  general  experimental  model  involved  the  elec- 
trical stimulation  of  normal  intact  teeth  in  human  subjects,  using  verbal 
reports  of  their  perceptual  experience  as  an  index  of  the  analgesic 
effectiveness  of  EA. 

Experimental  protocols  and  data  analysis  were  designed  in  accordance  with 
Signal  Detection  Theory,  a theoretical  construct  recently  introduced  to 
Psychophysics  permitting  the  quantitative  separation  of  changes  in  attitu- 
dinal  bias  from  true  changes  in  sensory  acuity  (37,38).  Five  sensory 
categories  and  four  stimulus  intensity  levels  were  employed.  The  five 
sensory  categories  were:  1),  no  sensation;  2),  possibly  a faint  sensation; 

3) ,  a definite  but  innocuous  sensation;  A),  intermediate  pain;  and 

5),  moderate  pain.  For  each  experimental  trial,  the  subject  was  asked  to 
categorize  his  sensory  experience  following  the  presentation  of  one  of 
the  four  stimulus  intensities.  The  four  stimulus  intensities  were  deter- 
mined for  each  subject  at  the  beginning  of  each  experiment  to  be:  1),  zero 
stimulus  intensity;  3),  threshold  of  sensation;  3),  moderate  pain;  and 

4) ,  a stimulus  intensity  intermediate  between  levels  (3)  and  (5).  An  extra 
sensory  category  designated  2)  was  provided  slightly  below  threshold  to 
add  flexibility  of  interpretation,  but  there  was  no  corresponding  level  2) 
of  stimulus  intensity.  The  subject  was  notified  of  an  impending  stimulus 
by  a signal  light,  permitting  the  inclusion  of  the  zero  intensity  stimulus 
level.  The  Signal  Detection  Theory  design  involved  the  use  of  sensory 
categories  spanning  the  range  of  sensation  in  the  requisite  modality  (37,38), 
rather  than  merely  relying  on  the  traditional  techniques  limited  to  deter- 
minations of  threshold  (39). 

The  key  elements  of  the  human  experimental  pain  model  were  the  use  of  tooth 
oulp  as  the  source  of  orofacial  pain  (a  pure  pain  source  uncontaminated  by 
other  modalities),  the  use  of  a perceptual  (not  a reflex!)  index  of  pain,  and 
the  use  of  Signal  Detection  Theory  formats  of  experimental  design. 

Stimulation  of  the  tooth  pulp  to  elicit  potential  perceptual  responses 
(test  stimulation)  was  accomplished  using  a specially  designed  acrylic 
appliance  custom-made  to  fit  the  anterior  maxillary  dentition  of  each 
experimental  subject,  as  described  in  a previous  report  (36).  The  appliance 
was  required  to  eliminate  moisture  accumulation  which  could  alter  the 
effective  electrode  area,  and  to  permit  rigorous  reproducibility  of  elec- 
. trode  position.  One  test  stimulus  electrode  was  embedded  in  the  acrylic 

appliance,  and  was  moistened  with  an  electrolyte  medium  to  insure  an 
efficient  and  uniformly  distributed  contact  area  (40)  of  approximately 
4 mm.  Test  stimuli  were  applied  to  the  tooth  in  the  monopolar  configuration 
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through  the  appliance  electrode,  referenced  to  a large  (2  cm  X 2 cm)  plate 
placed  remotely  on  the  dorsal  aspect  of  the  ipsilateral  neck.  All  electrode 
materials  were  platinum,  to  minimize  effects  of  electrode  polarization  (41), 
Test  stimuli  were  composed  of  a train  of  bidirectional  rectangular  pulses 
of  40  percent  duty  cycle  and  200  pps  frequency,  with  a total  train  duration 
of  bO  ms  per  stimulus.  Bidirectional  pulses  were  employed  to  reduce  the 
effects  of  iontophoresis.  Test  stimuli  were  derived  from  a specially 
-signed  photically-isolated  battery-powered  constant-current  generator, 
driven  by  one  channel  of  a Neurodyne  1550  Bidirectional  pulse  generator 
which  also  had  photically-isolated  output  stages. 

EA  stimulation  (34)  involved  the  placement  of  a 4 mm  X 10  mm  active  electrode 
at  a particular  intraoral  or  cutaneous  facial  site  (protocols  detailed  below) 
to  induce  analgesia,  and  a large  (2  cm  X 2 cm)  indifferent  electrode  placed 
remotely  on  the  dorsal  aspect  of  the  ipsilateral  neck.  For  reasons  similar 
to  those  associated  with  the  test  electrodes,  electrode  paste  was  used  at 
all  contact  interfaces,  platinum  was  employed  as  the  electrode  material, 
and  bidirectional  pulse  waveforms  were  universally  employed.  The  'standard' 
EA  waveform  involved  a train  of  bidirectional  pulses  at  a frequency  of 
100  pps  and  50  percent  duty  cycle.  The  intensity  was  determined  at  the 
beginning  of  each  experiment  to  be  just  subthreshold  (important  because 
placebo  effects  could  be  ruled  out).  Periodically,  EA  intensity  was  checked 
to  verify  that  it  was  still  just  subthreshold.  Once  initiated,  EA  stimu- 
lation was  applied  continuously  during  the  experimental  session.  EA  stimuli 
were  derived  from  a photically-isolated  battery-powered  constant-current 
generator  driven  by  the  second  channel  of  the  Neurodyne  Bidirectional  pulse 
generator . 

Experimental  subjects  were  recruited  from  the  student  body  campus  of  the 
Health  Sciences  Center  by  general  advertising.  Potential  subjects  were 
examined  to  insure  the  presence  of  anterior  maxillary  dentition  free  of 
defects  as  determined  by  visual  inspection  and  radiographic  analysis,  and 
were  interviewed  for  suitability.  Once  accepted,  a subject  was  presented 
a written  description  of  the  project  and  his  or  her  role  therein,  accompanied 
by  verbal  elaboration,  and  the  subject  was  asked  to  sign  a consent  form 
(prepared  in  conjunction  with  an  Army  attorney).  Also,  at  that  time, 
impressions  of  the  anterior  dentition  were  obtained,  permitting  manufacture 
of  the  custom-made  acrylic  dental  appliance  for  that  particular  subject. 

Once  the  appliance  became  available,  the  subject  was  scheduled  for  a series 
of  training  sessions.  The  initial  training  session  involved  general  famil- 
iarization with  test  tooth  and  EA  stimulation.  The  remaining  training 
sessions  involved  a preliminary  determination  of  the  four  stimulus  levels 
(tooth  stimulus  levels  1,  3,  4 and  5)  appropriate  for  the  subject  on  that 
particular  day,  followed  by  the  definitive  experiments.  The  latter  were 
composed  of  repeated  episodes  of  14  stimulus  presentations,  one  presentation 
every  20  seconds,  with  a balanced  randomization  of  stimulus  levels.  For 
each  stimulus,  the  subject  was  asked  to  categorize  the  perceptual  response 
relative  to  the  five  available  sensory  categories  (sensory  levels  1-5). 


The  training  sessions  were  completely  devoid  of  anv  EA  stimulation,  and 
were  continued  until  the  subject  achieved  a sufficient  degree  of  performance 
reliability,  reporting  the  appropriate  sensory  category  relative  to  the 
presented  level  of  tooth  stimulus  Intensity  in  90-95  percent  of  the 
stimulus  trials  (generally  achieved  In  3-5  training  sessions). 

To  determine  the  four  test  stimulus  intensities  used  for  a given  experiment, 
• ’-e  threshold  to  pulp  stimulation  was  first  recorded  as  the  average  of 
six  Independent  determinations,  three  using  an  ascending  series  of  stimulus 
intensities  and  three  using  descending  Intensities.  Threshold  represented 
stimulus  level  3),  and  was  not  painful.  Next,  successively  more  intense 
stimuli  were  presented  to  determine  level  5),  the  point  at  which  the  subject 
felt  moderate  pain  and  past  which  he  would  have  felt  extreme  and  intolerable 
pain.  Level  4)  was  identified  as  halfway  between  levels  3)  and  5),  and 
level  1)  was  the  zero  stimulus  intensity.  Once  the  four  tooth  stimulus 
levels  were  determined,  two  baseline  episodes  of  14  stimuli  were  ctnducted 
using  randomized  test  stimulus  intensities  in  the  absence  of  EA,  to  cerify 
the  subjects  reliability  and  to  establish  control  levels.  Subsequently, 
the  particular  definitive  EA  protocol  was  conducted. 

Two  distinct  experimental  series  were  conducted  during  the  1976-77  contract 
year,  designated  Phase  I and  Phase  II,  respectively.  The  Phase  I studies 
were  directed  to  a preliminary  survey  of  particular  electrode  configurations 
and  sites  of  stimulation,  the  latter  sites  chosen  on  the  basis  of  seemingly 
low-impedence  access  to  deep  tissues  of  the  face.  The  Phase  II  studies  were 
composed  of  a quantitative  comparison  of  the  optimal  extraoral  site  versus 
the  optimal  intraoral  site  identified  as  the  most  effective  in  the  Phase  I 
work.  The  purpose  of  the  Phase  II  effort  was  to  test  whether  extraoral 
stimulation  could  be  substituted  for  intraoral  application,  an  important 
consideration  because  of  the  increased  accessibility  of  the  extraoral  site. 

Results 


The  Human  Gating  Block  experiments  of  the  present  contract  year  were  composed 
of  two  phases.  Phase  I experiments  systematically  surveyed  the  use  of 
electrode  arrays  and  the  use  of  various  anatomical  sites  of  stimulation.  The 
Phase  II  effort  was  composed  of  a quantitative  comparison  of  the  two  best 
stimulus  locations  identified  in  Phase  I,  being  the  Oral  Mucosa  near  the 
test  tooth  and  the  dermis  overlying  the  lpsllateral  Mental  Foramen,  respec- 
tively. 

The  Phase  I electrode  array  studies  are  summarized  in  Table  I.  The  electrode 
array  studies  focused  on  two  sites  of  EA  application,  the  Mental  Foramen 
and  Oral  Mucosa  (A  and  B sections  of  Table  I,  respectively),  the  sites  also 
employed  in  Phase  II.  The  Mental  Foramen  experiments  were  actually  conducted 
late  in  the  contract  year  after  trends  of  the  Phase  II  experiments  had 
become  apparent.  An  electrode  "array"  consisted  of  a 6 mnr  electrode  in 
the  standard  position  for  the  particular  stimulation  site,  an  identical 
electrode  placed  distally  (medially)  with  a 6 mm  separation,  and  an  identical 
electrode  placed  proximally  (laterally)  with  a 6 mm  separation.  EA  was 
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applied  to  the  central  electrode  alone,  the  central  and  the  distal  electrode 
simultaneously,  and  the  central  and  the  proximal  electrode  simultaneously. 

Our  equipment  was  incapable  of  driving  all  three  electrodes  simultaneously. 

The  results  of  Table  I indicate  that  the  use  of  electrode  arrays  did  not 
result  in  improved  EA  efficacy.  The  experimental  numbers  are  small  for 
each  condition  studied,  as  the  results  obviously  indicated  no  dramatic 
effect  of  electrode  arrays,  and  further  studies  were  deemed  of  low  priority 
1 unworthy  of  further  pursuit.  The  data  did  reveal  one  important  fact. 

The  distal-standard  electrode  combination  produced  results  comparable 
to  the  use  of  the  standard  electrode  alone.  Based  on  the  latter  information, 
additional  tests  using  a single  electrode  but  shifted  6 mm  medial  to  the 
Mental  Foramen  indicated  results  comparable  to  the  standard  electrode 
position  (p  :>  .10).  Therefore,  with  the  Mental  Foramen  site,  there  appears 
to  be  some  flexibility  in  the  position  of  the  single  electrode.  Regarding 
the  concept  of  arrays  in  general,  the  lack  of  improved  effectiveness  coupled 
with  the  technical  problems  associated  with  multiple  electrodes  has  led 
to  a cessation  of  their  consideration  and  use. 

Results  of  the  Phase  I anatomical  sites  survey  are  summarized  in  Table  II. 

The  latter  studies  involved  four  active  electrode  sites  in  various  ipsilateral 
and  contralateral  combinations  of  active  and  indifferent  electrode  positions. 
Four  orofacial  sites  were  selected  as  candidates  for  EA  evaluation  based 
on  their  proximity  to  the  site  of  initiation  of  the  experimental  pain,  to 
anatomical  structures  deemed  likely  to  provide  current  access  to  deep  tissues, 
or  to  locations  near  major  sensory  nerve  trunks.  The  sites  chosen  for 
study  were  respectively,  the  buccal  Oral  Mucosa  near  the  test  tooth,  an 
Intraoral  Salivary  Foramen,  and  cutaneous  locations  over  the  Infraorbital 
and  Mental  Foramina.  The  two  most  effective  sites  were  found  to  be  the 
ipsilateral  Mental  Foramen  and  the  Oral  Mucosa  near  the  test  tooth  (Table 
II) . During  EA,  reported  intensities  were  reduced  in  66%  and  56%  of  the 
trials  compared  to  values  expected  in  the  absence  of  EA  for  the  Oral 
Mucosa  and  Mental  Foramen  stimulus  locations,  respectively,  results  which 
demonstrated  a significant  EA  effect  (p < .01).  The  effectiveness  found 
in  these  tests  was  less  than  that  of  the  Phase  II  effort  because  fewer 
sessions  were  included  in  each  experiment  (the  overall  induction  time  was 
shorter) . 

Results  of  the  Phase  II  comparison  of  the  Oral  Mucosa  and  Mental  Foramen 
EA  stimulation  sites  are  summarized  in  Table  III.  In  Table  III  the  data 
has  been  analyzed  to  show  the  percent  of  trials  which  indicated  an  EA- 
dependent  alteration  of  perceived  intensity,  relative  to  that  expected 
based  on  the  magnitude  of  test  stimulation.  As  in  all  human  protocols, 
each  EA  session  during  an  individual  experiment  consisted  of  12  EA  test 
trials  (and  two  control  trials  in  the  absence  of  EA) . The  values  shown  in 
the  table  for  each  session  indicate  the  total  number  of  the  12  trials  which 
exhibited  an  EA  effect,  an  EA  effect  being  defined  as  a subject  reporting 
a higher  sensory  category  than  that  expected  based  upon  test  stimulus 
intensity.  Inspection  of  the  figure  reveals  that  EA  applied  to  both  the 
Oral  Mucosa  and  the  Mental  Foramen  resulted  in  significant  EA  effects, 
although  during  induction,  the  effectiveness  of  the  Mental  Foramen  site 
lagged  behind  that  of  the  Oral  Mucosa.  Statistical  analysis  of  the  results 
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Phase  I Human  Experiments  Testing  the  Relative  Efficacy  of  Various  Orofacial  Anatomical  Sites 


Phase  II  Human  Experiments  Comparing  the  Mental  Foramen  and  Oral  Mucosa  Sites  of  EA  Apt  ication 
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indicated  that  the  Mental  Foramen  site  did  not  differ  in  effectiveness  when 
compared  to  the  Oral  Mucosa  EA  stimulus  location  following  comparable 
induction  times  (p  t .10,  Table  III),  a significant  finding  in  view  of 
the  greatly  increased  accessibility  of  the  former  placement.  The  latter 
comparison  was  based  on  the  session  4 data,  as  session  5 data  was  not 
available  for  the  Mental  Foramen  site. 

Tbe  Phase  II  data  can  also  be  subjected  to  a second  analysis  based  on  the 
magnitude  of  the  sensory  category  shift  observed  during  each  effective  EA 
trial.  This  analysis  was  discussed  in  our  recent  Contract  Renewal  Appli- 
cation, the  results  being  quantified  as  the  average  number  of  sensory 
categories  involved  in  EA-dependent  shifts  of  reported  perceived  intensi- 
ties relative  to  the  sensory  categories  expected  based  on  the  magnitude 
of  test  stimulation.  The  results  indicated  that  following  full  induction, 
the  Mental  Foramen  site  resulted  in  superior  EA  as  compared  to  the  Oral 
Mucosa  location.  An  observed  average  change  of  2.0  and  1.5  sensory  cate- 
gories was  observed  for  the  Mental  Foramen  and  Oral  Mucosal  sites, 
respectively,  values  which  differed  statistically  (p  ■<  .01). 

Discussion 


In  conjunction  with  previous  reports  (34,36),  our  results  indicate  substan- 
tial EA  effects  using  subthreshold  levels  of  EA  intensity,  thereby  ruling 
out  placebo  effects.  This  finding  represents  an  extremely  powerful  result 
not  originally  anticipated.  All  reports  of  significant  effects  of  peripheral 
electrical  stimulation  for  the  control  of  pain  in  the  literature  have 
indicated  the  requirement  for  suprathreshold  levels  of  stimulus  intensity 
for  even  marginal  levels  of  effectiveness  (23-33).  Explanations  of  the 
results  of  regional  or  local  effects  of  electrical  stimulation  have  usually 
invoked  the  Gate  Control  theory  of  pain  (4,25)  or  some  modification  thereof. 
However,  one  prominent  laboratory  has  demonstrated  the  existence  of  peri- 
pheral blocks  resulting  from  typical  peripheral  pain  control  stimulation 
(21).  Therefore,  the  results  reported  presently  may  result  from  a 
peripheral  block,  or,  alternatively,  some  combination  of  peripheral  block 
coupled  with  a conduction  or  a central  Gating  type  blocking  mechanism.  In 
this  regard,  it  is  important  to  realize  that  afferent  activity  may  still 
be  impinging  on  the  central  nervous  system  in  the  absence  of  perceptual 
awareness,  since  the  particular  EA-induced  spatio-temporal  pattern  of 
afferent  activity  may  be  insufficient  to  activate  perceptual  mechanisms 
but  nevertheless  adequate  to  induce  significant  effects  in  the  central 
nervous  system. 

The  Human  Psychophysiological  model  using  experimental  pain  has  served  our 
objectives  well.  In  addition  to  demonstrations  of  effectiveness,  the  model 
has  also  permitted  the  identification  of  certain  parameters  of  EA  adminis- 
tration including,  during  the  present  contract  year,  the  ineffectiveness 
of  multiple  electrode  arrays,  a quantitative  survey  of  the  relative  efficacy 
of  several  anatomical  stimulation  sites,  and  the  demonstration  that  the 
Mental  Foramen (extraoral)  site  of  EA  application  cat  be  substituted  for 
the  Oral  Mucosa  (intraoral)  site  which  we  have  used  historically.  Finally, 
based  on  the  experimental  pain  data,  we  have  now  obtained  official  sanction 


10 


of  the  Human  Rights  and  Welfare  Committee  of  the  institution  to  proceed 
with  preliminary  tests  involving  pathological  pain. 

Thus,  the  Human  work  has  reached  a major  milestone.  We  have  finally 
acquired  institutional  sanction  to  begin  definitive  experiments  to 
characterize  the  efficacy  of  Gating  Block  EA  on  specific  pain  problems 
presenting  to  the  dental  clinic.  Simultaneously,  additional  anatomical 
~>d  waveform  investigations  can  be  conducted  much  more  efficiently  in 
the  Chronic  Psychophysiological  model  which  has  Just  recently  become 
operational.  The  Human  experiments  combined  with  additional  waveform 
and  administration  improvements  afforded  by  information  from  the  Chronic 
experimental  model  will  permit  a quantitative  definition  of  Gating  Block 
EA  feasibility  within  one  to  two  years. 
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GATING  BLOCK  ELECTROANALGESIA:  CHRONIC  PSYCHOPHYSIOLOGICAL  INVESTIGATIONS 


The  overall  concept  of  Gating  Block  EA  was  discussed  in  the  Introduction 
of  the  previous  section  on  Human  Psychophyslologlcal  Investigations,  but 
the  latter  discussion  applies  equally  to  the  Chronic  Psychophyslologlcal 
Investigations. 

Perhaps  the  most  powerful  experiments  available  for  the  study  of  analgesia 
are  Chronic  (Behavioral)  Psychophyslologlcal  Experiments,  because  they 
permit  the  evaluation  of  central  nervous  system  functions  free  from 
complications  Introduced  by  anesthetic  agents  and  surgical  Interventions 
associated  with  Acute  experiments,  and  they  permit  more  flexibility  than 
studies  In  humans.  They  are  also  crucial  to  verify  information  derived 
from  Acute  experiments  at  the  perceptual  level,  to  identify  pathways  and 
mechanisms,  and  to  obtain  data  crucial  for  the  documentation  of  safety. 

The  central  feature  of  the  Chronic  experimental  model  is  the  use  of  percep- 
tual rather  than  reflex  manifestations  of  sensation  as  an  index  of  EA 
effectiveness.  To  adequately  study  the  efficacy  and  feasibility  of  orofacial 
Gating  Block  EA,  a model  is  required  in  which  the  animal  can  report  pain 
tolerances  (based  on  perceptual  criteria)  on  a continuous  basis  over  an 
extended  period  of  time. 

The  Chronic  experimental  model  has  as  its  central  features  the  implantation 
of  electrodes  in  a tooth  pulp  to  permit  application  of  noxious  stimuli, 
the  implantation  of  electrodes  at  specific  sites  selected  for  EA  application 
to  permit  study  of  the  analgesic  efficacy  of  such  stimulation,  the  implan- 
tation of  a head  pedestal  allowing  electrical  communication  with  external 
apparatus,  and  the  use  of  a perceptual  as  opposed  to  a reflex  index  of 
pulpal  perceptual  sensibility. 

Noxious  stimulation  is  initiated  by  activation  of  tooth  pulp  afferents 
because  the  tooth  pulp  provides  a source  of  pure  pain,  it  is  an  adequate 
generalized  model  of  orofacial  pain,  and  it  is  readily  accessible  (42). 

Tooth  test  stimuli  are  administered  to  the  same  tooth  (maxillary  canine) 
and  in  the  same  manner  (0.1  ms  rectangular  pulses  in  the  bipolar  stimulus 
configuration  and  a train-stimulus  mode)  as  that  used  for  acute  experiments 
involvihg  pain  pathways  reported  in  the  literature  (6,7,12-15). 

The  site  of  EA  stimulation  for  the  initial  definitive  experimental  series 
was  selected  to  be  at  a subcutaneous  site  near  the  Mental  Foramen,  the 
site  identified  as  the  optimal  extraoral  stimulus  location  from  locations 
examined  in  prior  Human  experiments.  Furthermore,  the  EA  stimuli  were 
administered  in  a similar  fashion  (electrical  stimuli  applied  in  a 
distributed  stimulus  geometry  near  the  Mental  Foramen)  and  using  a similar 
electrical  waveform  to  that  employed  in  the  prior  human  experiments,  to 
provide  maximum  overlap  with  the  latter  experimental  data. 

All  experiments  were  conducted  using  standardized  psychophysiological 
stimulation  and  recording  techniques,  and  employed  the  cat  as  the  experimental 
animal  for  economy,  maximal  correlation  to  the  general  pain  control  literature 
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(6,7,17,43-53),  and  previous  work  In  our  laboratory  (54-60).  The  particular 
experimental  model  chosen  utilizes  the  Threshold  Titration  paradigm,  an 
experimental  procedure  permitting  the  quantitative  monitoring  of  perceptual 
sensibility  in  behaving  animals  over  extended  periods  of  time. 

There  have  been  no  chronic  animal  experiments  simulating  Gating  Block  EA 
reported  in  the  literature.  However,  important  general  information  is 
sellable  related  to  chronic  models  for  the  study  of  pain.  Relevant  tech- 
niques for  the  chronic  stimulation  of  the  tooth  pulp  as  a source  of  pain 
have  been  described  (45,49),  as  have  models  using  perceptual  indices  of 
pain  responsiveness  (45,61,62).  This  information  has  been  used  extensively 
in  the  development  of  our  Chronic  Psychophysiological  model. 

The  work  of  the  present  contract  year  involved,  first,  the  final  deve^pment 
of  the  Chronic  experimental  model,  and,  secondly,  the  initiation  of  the 
first  definitive  experimental  series  testing  orofacial  EA. 

Methods 


Animal  Preparation  and  Surgery.  Experimental  animals  were  initially  screened 
for  suitability  and  subjected  to  preliminary  training  using  a noxious  foot- 
shock  paradigm  (see  below),  and  were  then  scheduled  for  surgery.  Endotracheal 
intubation  was  accomplished  using  a short-acting  barbituate.  Surgical 
anesthesia  was  induced  under  Ethrane-Oxygen  and  maintained  using  Ethrane- 
N^O-Oxygen.  Subsequently,  an  optically-coupled  ECG  (to  preserve  ground 
isolation)  was  attached  (Terrasyn,  Model  N-IIIB  ECG  Isolation  Amplifier), 
and  a non-invasive  blood  pressure  monitoring  system  was  applied  to  one  of 
the  forelimbs  (Hoffman-La  Roche  Arteriosonde,  Model  1010).  In  addition, 
a Bechman  LB-2  Medical  Gas  Analyzer,  sampling  the  respiratory  gases,  was 
employed  to  continuously  monitor  end-tidal  CO2  as  an  index  of  short-term 
acid-base  balance.  Respiration  was  assisted  on  demand,  or  controlled,  using 

a Bird  Mark  IV-VIII  Anesthesia  Assistor.  Intraesophogeal  temperature  was  ■> 

monitored  (YSI  Model  43TA)  and  maintained  at  38  + 0.5  C by  means  of  a heating 

pad  with  thermostatically  controlled  circulating  water  (Gaymar  Temp-Pump 

System).  The  animals  were  then  brought  through  the  recovery  process,  and 

allowed  several  davs  to  recuperate  from  the  surgical  procedure  prior  to 

the  initiation  of  experiments.  Long-term  health  status  was  documented  through 

periodic  physicals. 

Noxious  stimulation  was  accomplished  through  electrodes  placed  in  the  maxil- 
lary canine  experimental  tooth  (45,55).  One  electrode  was  placed  in  each 
of  two  cavities  drilled  through  the  enamel  to  a near  pulp  exposure.  The 
base  of  each  cavity  was  dried,  the  electrode  wire  (stranded  stainless  steel) 
was  spread  out  and  packed  in  place,  and  the  whole  complex  was  sealed  in 
position  using  non-conductive  adhesive.  One  of  the  tooth  stimulation 
electrodes  was  located  on  the  lingual  aspect  and  one  on  the  buccal  aspect 
of  the  tooth,  both  being  near  to  but  absolutely  distinct  from  the  gingival 
margin.  The  wire  leads  (teflon  coated)  were  implanted  under  a muco-gingival 
flap,  and  then  directed  upward  under  the  facial  skin  along  the  surface  of 
the  bone  between  the  medial  canthus  of  the  eye  and  the  nose,  to  gain  access 
to  an  electrical  connector  mounted  in  the  head  pedestal  (45).  Initial  training 
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sessions  involved  footshock  as  an  alternative  form  of  noxious  stimulation, 
but  no  surgical  procedures  were  required. 

EA  stimulation  was  accomplished  using  electrodes  Implanted  subcutaneously 
near  the  Mental  Foramen  ipsilateral  to  the  test  tooth.  The  electrode  wire 
was  freed  of  insulation  for  several  millimeters,  and  the  uninsulated  portion 
was  looped  to  increase  the  area  of  exposed  wire.  This  configuration  was 
t Mized  to  provide  a distributed  rather  than  focal  stimulus  geometry, 
itie  active  EA  lead  was  directed  subcutaneously  from  the  site  of  placement 
to  the  anterior  surface  of  the  head,  for  attachment  to  the  electrical 
connector  of  the  head  pedestal.  An  indifferent  EA  electrode  was  placed 
subcutaneously  in  the  ipsilateral  neck,  and  was  composed  of  a 1 cm  length 
of  bared  wire,  a large  surface  area  being  employed  to  greatly  reduce  current 
density  relative  to  the  active  EA  electrode. 

The  head  pedestal  to  which  the  test  tooth  and  EA  leads  projected  was  built 
up  by  repeated  applications  of  dental  acrylic,  using  methods  adapted  from 
a report  in  the  literature  (45).  The  acrylic  pedestal  was  molded  around 
stainless  steel  screws  mounted  in  the  skull  of  the  animal.  The  lead  wires 
were  connected  to  a multipin  electrical  socket,  which  was  then  embedded  in 
the  acrylic  pedestal.  A flexible  cable  connected  the  pedestal  plug  to  a 
multi-contact  commutator  suspended  from  a counter-balanced  pulley  system 
to  provide  minimal  restrictions  of  vertical  and  rotational  movements  of 
the  animal. 

Stimulation  Techniques.  Three  stimulus  situations  were  involved  in  the 
Chronic  experimental  model,  that  of  Footshock,  Pulpshock,  and  EA  stimu- 
lation, respectively.  Special  considerations  related  to  each  of  these 
techniques  are  presently  discussed. 

Footshock  of  noxious  intensities  was  used  for  initial  training  procedures 
(see  below).  Footshock  consisted  of  the  application  of  stimuli  to  aluminum 
bars  in  the  lower  portion  of  the  cage  at  intensities  determined  to  be 
definitely  aversive  independently  for  each  animal  prior  to  each  experi- 
mental session  (typically  less  than  0.2  ma) . The  stimulus  waveform  was 
a 60  ms  burst  of  4 equally-spaced  rectangular  pulses  of  10  ms  duration, 
with  a burst  repetition  rate  of  10  Hz. 

An  essential  consideration  relative  to  tooth  stimulation  was  the  use  of 
a waveform  providing  for  temporal  summation  of  activity  in  pain  pathways,  a 
phenomenon  recently  realized  to  be  important  for  nociceptive  interpretation 
in  the  central  nervous  system  (2,4,16).  A train  stimulus  format  was 
therefore  adopted,  to  induce  an  activity  profile  in  pulpal  afferents 
which  was  somewhat  despersed  in  time.  Based  upon  our  previous  experimental 
determination  of  the  Strength-Duration  curve  for  pulpal  afferents  (55), 

0.1  ms  was  chosen  for  the  width  of  each  rectangular  stimulus  pulse.  The 
frequency  of  stimulation  was  selected  such  that  a significant  number  of 
pulpal  afferents  could  faithfully  follow  each  stimulus  pulse,  based  upon 
our  data  from  single  pulp-driven  units  in  the  Gasserian  ganglion  (59,60). 

The  latter  data  indicated  that  the  majority  of  the  units  responded  faith- 
fully to  frequencies  up  to  300  Hz.  Such  high  frequencies  were  also  chosen 
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to  accentuate  perceptual  as  opposed  to  reflex  responsiveness  (63).  Based 
upon  these  considerations,  the  waveform  chosen  for  pulpal  stimulation  was 
a burst  of  four  rectangular  pulses  of  0.1  ms  duration  at  a frequency  of 
300  Hz,  producing  a burst  duration  of  10  ms. 

EA  stimulation  requirements  were  entirely  distinct  from  those  related 
to  tooth  pulp  stimulation.  A variety  of  waveforms  have  been  described  in 
t'  literature  (22,25,28).  The  latter  information  coupled  with  our 
previous  human  results  indicate  that  waveform  is  obviously  a very  important 
variable  for  investigation,  and  the  study  of  multiple  waveforms  is  anti- 
cipated. The  initial  definitive  experimental  series  involved  the  use  of 
one  particular  waveform,  a 100  pps  train  of  bidirectional  rectangular 
pulses  at  three  different  duty  cycles,  3.16,  10.0  and  31.6  percent, 
respectively,  identified  as  important  in  prior  human  studies.  The  proper 
intensity  for  EA  stimulation  was  again  obviously  important  based  on  our 
prior  human  experiments,  but  difficult  to  determine.  For  the  initial 
definitive  experiments,  we  chose  to  use  an  intensity  somewhat  below  that 
which  induced  muscle  fasciculations  visible  to  the  naked  eye  and,  which, 
in  the  behaving  animal,  did  not  produce  visible  signs  of  perceptual 
discomfort . 

Training  Program.  The  desired  Chronic  Psychophysiological  model  had  as 
its  central  feature  the  use  of  a perceptual  index  to  monitor  pulp  threshold, 
the  Threshold  Titration  paradigm  of  physiological  psychology  (61).  The 
complicated  nature  of  the  latter  procedure  necessitated  designing  a training 
program  in  which  the  animals  were  directed  through  several  preliminary 
behavioral  training  stages  which  successively  approximated  the  desired 
paradigm.  As  an  initial  step,  the  animals  were  subjected  to  a Footshock 
paradigm  in  which  noxious  footshock  (waveform  previously  described)  could 
be  terminated  by  pressing  a lever.  Animals  deemed  acceptable  were  then 
subjected  to  additional  Footshock  sessions  until  their  performance  reached 
a level  of  80-90  percent  escape  behavior  (typically  3-7  sessions) . The 
animals  were  then  taken  to  surgery,  and  the  pulpal  and  EA  electrodes, 
the  lead  wires  projecting  to  the  top  of  the  head,  and  the  head  pedestal 
with  its  embedded  electrical  connector  were  Implanted.  Following  recovery 
from  surgery  (2-3  days),  the  animals  were  subjected  to  at  least  one 
additional  Footshock  session  to  verify  retention  of  previous  training. 

The  animals  were  then  introduced  to  the  next  stage  of  training  in  which 
the  site  of  noxious  stimulation  was  shifted  from  the  footpads  to  the  tooth 
pulp,  with  all  other  parameters  of  the  experimental  paradigm  unchanged. 

Pulp  stimulus  bursts  (waveform  previously  described)  were  presented  at  a 
rate  of  2.5  Hz  and  at  an  intensity  determined  to  be  definitely  aversive 
prior  to  the  training  session.  A transfer  of  training  from  Footshock  to 
Pulpshock  proved  to  be  a relatively  straightforward  generalization  process 
in  many  instances,  but  success  in  the  Footshock  training  paradigm  was  not 
directly  predictive  of  success  in  Pulpshock.  Animals  were  deemed  proficient 
in  Pulpshock  when  performance  at  the  80-90  percent  level  of  escape  behavior 
was  manifest.  This  usually  occurred  following  2-5  Pulpshock  sessions. 

Once  training  in  the  Pulpshock  paradigm  was  deemed  sufficient,  the  animals 
were  Introduced  to  the  final  procedure  in  the  training  series,  the  Threshold 
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Titration  paradigm  (61).  A subthreshold  intensity  was  used  initially  and 
repeated  a given  number  of  times  (selectable),  but  following  every  N'th 
(usually  8)  succeeding  stimulus,  the  intensity  was  automatically  incremented 
by  a fixed  (determinable)  amount.  Pulp  stimulus  bursts  (waveform  previously 
described)  were  presented  at  a rate  of  1 Hz.  In  the  absence  of  corrective 
behavior  by  the  animal,  this  process  continued  with  equal  intensity  incre- 
ments after  every  N'th  stimulus  until  noxious  or  potentially  noxious 
i nsities  resulted  in  bar-pressing  responses.  A bar  press  was  programmed 
to  reset  the  stimulus  intensity  to  zero.  The  experimental  results  have 
indicated  that  although  there  is  a high  degree  of  variability  between 
successive  responses,  the  animals  show  a strong  tendency  to  maintain  the 
same  average  tolerance  level  over  prolonged  time  periods,  results  which 
are  consistent  with  reports  in  the  literature  (61).  Thus,  the  described 
procedure  has  provided  a direct  quantitative  measure  of  perceptual  respon- 
siveness (threshold)  to  noxious  stimulation  over  extended  periods  of  time, 
an  extremely  powerful  experimental  capability.  Finally,  once  the  animals 
were  deemed  proficient  in  the  Threshold  Titration  paradigm,  EA  stimulation 
protocols  were  introduced  to  test  the  resultant  perceptual  effects. 

The  various  procedures  associated  with  the  Chronic  Psychophysiological 
Experiments  were  accomplished  in  a specially  designed  experimental  cage 
featuring  provisions  for  footshock  and  access  to  the  pulp  and  EA  stimu- 
lating circuits  while  still  permitting  maximal  animal  mobility.  The 
experimental  cage  was  also  designed  to  eliminate  the  animal's  use  of  the 
walls  to  avoid  footshock,  to  counteract  the  contingency  of  a continuous 
bar  press  which  would  render  the  procedure  ineffective,  and  other  practical 
problems.  The  entire  experimental  protocol,  involving  the  presentation 
of  stimuli  and  recording  of  responses,  was  controlled  and  recorded  auto- 
matically during  all  Footshock,  Pulpshock,  and  Threshold  Titration  paradigms. 
Automated  behavioral  training  is  termed  "Automatic  Shaping"  (62),  and, 
as  described  in  detail  below,  is  an  experimental  procedure  which  permits 
both  a substantial  acceleration  of  training  and  a significant  reduction 
in  personnel  commitments.  A microprocessor  system  has  recently  been  intro- 
duced to  control  the  Automatic  Shaping  procedures,  replacing  antiquated 
electronic  control  equipment  employed  previously. 

Experimental  Protocol.  The  Chronic  Psychophysiological  Experiments  involved 
three  successive  stimulation  paradigms,  Footshock,  Pulpshock,  and  Threshold 
Titration  (the  latter  with  or  without  accompanying  F.A) . The  animals  were 
subjected  to  daily  experimental  sessions  (excepting  weekends)  and  were 
transferred  to  successive  training  stages  as  accrued  proficiency  permitted. 

For  Footshock  sessions,  the  animal  was  placed  in  the  experimental  chamber 
and  the  Automatic  Shaping  microcomputer  program  was  engaged.  This  resulted 
in  the  presentation  of  a train  of  stimulus  bursts  (waveform  previously 
described)  to  foot  bars  in  the  lower  section  of  the  experimental  chamber. 

The  stimuli  were  continued  for  two  minutes  or  until  the  animal  pressed  the 
response  lever,  at  which  time  footshock  was  terminated.  Footshock  was 
derived  from  a constant-current  generator  (lab  constructed)  which  supplied 
a given  amount  of  current  regardless  of  the  number  of  foot  bars  that  the 
animal  happened  to  be  straddling  (64).  A fixed  rest  interval  of  30  sec  was 
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provided  between  Footshock  episodes,  and  the  total  duration  of  individual 
training  sessions  was  80  minutes.  In  general,  during  the  first  experimental 
session,  the  animals  moved  about  aimlessly  at  first  but  very  quickly  devel- 
oped an  association  between  Footshock  and  the  response  bar  as  the  result  of 
accidental  contacts  with  the  latter  object.  Following  more  trials,  they 
usually  became  fairly  proficient  in  escaping  footshock  stimulation  once  it 
had  been  initiated,  even  in  the  initial  experimental  session.  A signal 
1 'it  and  an  audio  tone  were  presented  simultaneously  with  Footshock  to 
Hasten  training.  Additional  Footshock  training  sessions  were  continued  until 
a level  of  80-90  percent  escape  behavior  had  been  attained.  Animals  were 
then  identified  as  candidates  for  surgery,  and  the  surgical  procedure  was 
scheduled.  The  results  of  our  Footshock  program  (successful  acquisition  of 
escape  behavior  within  3-7  sessions  in  animals  deemed  suitable  for  the  pro- 
gram) compared  very  favorably  to  results  reported  in  the  literature,  which 
indicate  that  5-10  sessions  are  required  for  successful  escape  training  (65). 

Following  surgery,  the  animals  were  reacquainted  to  Footshock  and  then 
introduced  to  the  Pulpshock  paradigm.  Pulp  stimulus  bursts  (waveform 
previously  described)  were  presented  under  the  same  Automatic  Shaping  format 
as  that  used  for  Footshock,  but  the  intertrial  rest  interval  was  50  sec 
rather  than  30  sec.  The  animals  were  trained  in  repeated  80  min  sessions, 
and  the  successful  escape  responses  or  failures  to  escape  were  recorded  for 
the  entire  series  of  stimulus  episodes.  The  criterion  for  success  in  the 
Pulpshock  paradigm  was  performance  at  a level  of  80-90  percent  escape 
behavior,  a situation  usually  realized  after  2-5  experimental  sessions 
in  acceptable  animals.  A significant  amount  of  attrition  was  manifest, 
however,  because  many  animals  successful  in  Footshock  did  not  perform 
well  in  Pulpshock  and  were  eventually  rejected. 

Animals  successfully  trained  in  Pulpshock  were  then  introduced  to  the 
Threshold  Titration  paradigm,  individual  sessions  of  which  lasted  80  minutes. 
Threshold  Titration  was  the  experimental  procedure  used  for  definitive  EA 
experiments  but  the  latter  were  preceded  by  several  sessions  involving 
Threshold  Titration  in  the  absence  of  EA  for  initial  orientation.  As 
described  previously,  pulp  stimulus  bursts  (identical  to  those  used  in 
the  Pulpshock  paradigm)  were  presented  once  per  second  with  intensity 
increments  introduced  after  every  N'th  (usually  8)  stimulus.  The  approx- 
imate threshold  for  perceptual  awareness  of  pulp  stimulation  was  estimated 
at  the  beginning  of  each  experiment,  and  the  maximum  intensity  of  the 
Threshold  Titration  output  generator  was  set  so  that  the  threshold  of 
that  animal  on  that  particular  day  was  intensity  step  3-5.  At  this  point 
the  microprocessor  program  was  initiated,  and  the  animal  was  maintained 
in  Threshold  Titration  for  the  80  minute  experimental  interval.  The 
data  was  continuously  recorded  as  stimulus  intensity  versus  time  on  a chart 
recorder . 

The  initial  definitive  EA  experiments  completed  to  date  have  involved  a 
series  to  characterize  the  optimal  duty  cycle  of  the  bidirectional  rectan- 
gular pulse  waveforms.  As  with  all  other  Chronic  EA  experiments  to  follow, 
the  protocol  involved  a control  period,  a period  of  EA  administration,  and 
a post-EA  recovery  period,  each  of  approximately  equal  duration.  The 


duty  cycle  experiments  involved  the  administration  of  a continuous  train 
of  bidirectional  rectangular  pulses  at  a frequency  of  100  pps.  In  any 
individual  experiment,  one  of  three  duty  cycles  was  investigated,  being 
3.16%,  10.0%,  or  31.6%,  respectively,  values  equally  spaced  logarithmically. 
This  range  of  duty  cycles  was  selected  for  examination  based  upon  prelim- 
inary data  from  prior  human  experiments. 

R ilts 

Five  categories  of  experimental  results  are  presented,  a description  of 
the  various  facets  of  the  Automatic  Shaping  selection  and  training  proce- 
dures in  their  fully  developed  form,  data  documenting  behavioral  modification 
from  Footshock  to  Pulpshock,  data  characterizing  behavioral  modification 
from  Pulpshock  to  Threshold  Titration,  data  characterizing  the  Threshold 
Titration  paradigm  itself,  and,  finally,  the  initial  EA  results. 

In  the  Chronic  Psychophysiological  Automatic  Shaping  Experiments,  the  capa- 
bility to  study  two  types  of  behavior  were  programmed,  escape  behavior  (the 
animal  was  permitted  to  terminate  shock  once  it  was  initiated)  and  avoidance 
behavior  (the  animal  was  permitted  to  completely  avoid  shock).  In  an 
individual  experimental  session  which  was  composed  of  a series  of  stimulus 
episodes,  several  time  intervals  were  important:  a),  the  intertrial  interval 
(ITI),  the  interval  between  the  termination  of  the  aversive  stimulus  and 
the  beginning  of  the  next  stimulus  trial;  b) , the  unconditioned  stimulus 
interval  (USI),  the  application  of  the  stimulus  of  interest,  in  this  case, 
the  aversive  stimulus;  and  c),  the  conditioned  stimulus  interval  (CSI),  in 
the  present  case,  a signal  light  and/or  audio  tone  which  warned  the  animal 
of  an  impending  stimulus.  The  CSI  was  used  only  when  avoidance  behavior 
was  permitted.  Avoidance  behavior  was  permitted  early  in  the  overall 
program  to  evaluate  the  degree  of  learning  during  the  development  of  training 
techniques,  but  was  not  used  after  routine  training  procedures  had  been 
establ ished . 

To  summarize  the  training  paradigms  (identical  for  both  Footshock  and 
Pulpshock),  in  the  case  of  avoidance  training,  a trial  was  initiated  with 
CSI  onset  (the  signal  light  and/or  audio  tone  were  presented  in  the  absence 
of  the  noxious  stimulus).  If  a response  occurred  within  five  seconds 
(avoidance  behavior),  the  CSI  was  terminated  and  an  ITI  interval  was  initiated 
(45  seconds  duration).  If  no  response  occurred  within  five  seconds,  the  USI 
was  initiated  (while  the  CSI  remained  in  effect).  Both  the  USI  and  CSI  were 
then  terminated  by  a response  (escape  behavior),  or  alternatively,  by 
time  out  of  USI  (one  minute).  In  the  case  of  escape  training  in  the  absence 
of  the  avoidance  response  possibility  (a  procedure  used  exclusively  in  the 
later  periods  of  the  program),  CSI  was  bypassed,  but  otherwise  the  format 
was  similar  to  the  avoidance  paradigm.  If  the  animal  was  holding  the  bar 
down  continuously  at  the  initiation  of  CSI  (or  USI  in  the  absence  of  avoidance 
behavior),  and  was  still  holding  the  bar  down  at  USI  time  out,  the  response 
bar  was  energized  for  a few  seconds  to  back  the  animal  off  the  bar  (bar-hot 
interval,  BHI).  A subsequent  bar  press  by  the  animal  or  time  out  of  BHI 
then  led  directly  to  another  ITI  interval.  Experiments  were  automatically 
terminated  at  80  minutes. 


Threshold  Titration  training  and  EA  sessions  have  not  been  placed  under 
microcomputer  control  as  of  the  present  time.  Rather,  Threshold  Titration 
control  has  been  accomplished  using  a specially  constructed  Threshold 
Titration  output  generator  triggered  at  regular  intervals  by  a standard 
physiological  stimulator,  The  output  generator  provides  an  isolated 
constant-current  output  and  contains  the  logic  circuitry  controlling 
the  automatic  incrementation  of  stimulus  intensity  and  the  reset  function 
r<  >iuired  following  an  appropriate  bar  press  response.  The  Threshold 
. ration  output  generator  and  its  associated  stimulator  are  to  be  replaced 
with  a microcomputer  system  in  the  near  future. 

Data  characterizing  the  Footshock  training  paradigm  is  presented  in 
Table  IV.  The  data  dramatically  demonstrate  that  the  animals  often  achieved 
remarkable  levels  of  escape  behavior  as  early  as  the  first  experimental 
session.  Animals  moderately  proficient  in  the  first  experimental  session 
usually  exhibited  further  increases  in  proficiency  with  additional  experi- 
mental sessions,  while  animals  demonstrating  high  levels  of  initial 
proficiency  tended  to  maintain  such  performance  levels.  The  data  demonstrates 
the  remarkably  rapid  training  available  using  our  particular  adaptations 
of  Automatic  Shaping  procedures. 

Table  V represents  the  raw  data  from  Pulpshock  training  sessions.  These 
experiments  were  conducted  following  the  surgical  procedures  and  reacquain- 
tance of  the  animal  with  Footshock.  Note  that  the  Pulpshock  results  can 
be  correlated  directly  with  Footshock  data  from  the  same  animal  (Table  IV). 
Fewer  animals  are  represented  in  the  raw  data  related  to  Pulpshock,  as 
compared  to  Footshock,  because  of  attrition  related  to  microcomputer  system 
development,  surgical  complications,  animal  failure  to  transfer  to  the 
successive  paradigm,  and  other  reasons.  Accrued  experience  has  permitted 
the  reduction  of  such  contingencies,  but  significant  attrition  will  remain 
as  an  unavoidable  aspect  of  the  experimental  model.  The  raw  data  of  the 
table  indicates  that  the  animals  rapidly  developed  a high  level  of  pro- 
ficiency in  pulp-induced  escape  behavior  in  a manner  analogous  to  the 
Footshock  training  results  of  Table  IV.  Some  animals  whose  performance 
appeared  to  drop  after  several  sessions,  acquired  a significantly  higher 
level  of  proficiency  in  later  experimental  sessions,  as  exemplified  by  the 
data  of  animal  //  65  of  Table  V.  The  raw  data  of  the  table  and  our  experience 
to  date  demonstrate  two  facts.  First,  the  generalization  of  behavior  from 
the  Footshock  to  Pulpshock  is  efficient  and  rapid,  if  successful  at  all. 
Secondly,  acceptable  animals  respond  with  great  proficiency  in  escape  behavior 
following  sufficient  training  in  Pulpshock,  verifying  that  the  Fulpshock 
paradigm  is  operational. 

The  data  of  Table  VI  summarizes  the  results  of  experimental  sessions  in 
which  the  animals  were  trained  in  the  Threshold  Titration  paradigm  in  the 
absence  of  EA.  The  table  shows  the  raw  data  and  normalized  SEM  (calculated 
as  If  the  mean  tolerance  level  was  100)  for  27  experiments  in  five  animals. 

The  raw  data  indicates  that  there  is  a significant  amount  of  variability 
in  the  averaged  values  of  tolerated  intensity  levels  over  all  Threshold 
Titration  experiments.  The  variability  is  a fundamental  characteristic 
of  the  experimental  model.  Nevertheless,  the  normalized  SEM's  indicate 
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Percentage  of  Trials  Exhibiting  Escape  Behavior  in  the  Footshock  Training  Paradig. 


Percentage  of  Trials  Exhibiting  Escape  Behavior  in  the  Pulpshock  Training  Paradig 
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TABLE  VI 


Characterization  of 

the  Threshold 

Titration 

Paradigm  in  the 

Absence  of  EA 

Cat 

Number 

Nr 

Raw  Data 
Avg 

SEM 

Normalized 

SEM 

50 

91 

12 

1 

8 

50 

39 

23 

8 

33 

50 

30 

15 

5 

41 

50 

61 

32 

4 

14 

65 

41 

36 

9 

25 

65 

39 

28 

7 

25 

65 

16 

109 

84 

77 

66 

83 

46 

10 

22 

67 

52 

155 

34 

22 

67 

74 

19 

4 

21 

67 

77 

37 

8 

21 

67 

27 

82 

39 

48 

67 

30 

41 

10 

24 

67 

16 

134 

52 

39 

67 

24 

64 

20 

31 
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that  the  variability  can  be  reduced  to  acceptable  levels  if  sufficient 
stimulus  trials  are  included  in  the  experiment,  particularly  in  view 
of  the  marked  effects  exerted  by  EA  (Table  VII).  In  some  instances, 
variability  tended  to  change  with  time  and  occasionally  became  more 
pronounced  near  the  end  of  an  experiment,  possibly  reflecting  periodic 
or  eventual  boredom  or  fatigue.  This  phenomenon  is  not  believed  to  be 
the  result  of  any  EA  effect  resulting  from  test  stimulation  of  the  tooth 
p ,r>,  based  upon  the  results  of  our  Acute  Neurophysiological  Experiments 
(jo, 58,59).  The  data  of  Table  VI  demonstrate  the  power  of  the  present 
adaptation  of  the  Threshold  Titration  paradigm  for  long-term  monitoring 
of  tolerance  levels  to  noxious  stimulation  in  behaving  animals. 

Table  VII  indicates  the  data  analyzed  to  date  from  the  initial  definitive 
EA  duty  cycle  experiments,  in  which  duty  cycles  of  3.16%,  10.0%  and 
31.6%  are  being  examined.  The  data  includes  20  experiments  in  four  animals, 
and  was  normalized  for  inter-experiment  comparability  by  setting  the  average 
tolerance  level  of  the  control  period  equal  to  100.  The  data  is  incomplete 
at  this  time,  but  several  features  are  presently  noteworthy.  Combining 
all  of  the  data  from  the  three  duty  cycles,  it  is  very  clear  that  EA 
exerted  a profound  analgesic  effect.  In  spite  of  the  large  variability, 
every  EA  and  post-EA  condition  had  an  average  effect  exceeding  a 100% 
increase  in  tolerance  level  with  the  exception  of  the  10%  condition  during 
EA,  which  exhibited  a 49%  increase.  At  this  time,  it  appears  that  the 
31.6%  duty  cycle  exhibits  the  greatest  effect,  but  this  situation  may 
change  as  additional  data  becomes  available.  Also,  the  31.6%  duty  cycle 
waveform  was  equally  effective  in  the  EA  and  post-EA  intervals.  In  contrast, 
the  10.0%  and  3.16%  EA  waveforms  showed  a much  smaller  effect  during  EA 
than  did  the  31.6%  duty  cycle  waveform,  but  the  EA  versus  post-EA  discre- 
pancy of  the  former  waveforms  was  markedly  reduced  during  the  post-EA 
interval . 

Discussion 

The  conditioning  and  training  of  cats  to  escape  or  avoid  noxious  stimuli 
by  pressing  a lever  is  a valuable  technique  for  the  study  of  motivation 
and  behavior  (66)  and  to  investigate  various  anesthetic  or  analgesic  strategies 
(65) . Typically,  a procedure  required  for  training  animals  to  perform  a 
specific  response  (operant)  is  referred  to  as  shaping,  and  involves  the 
prolonged  and  systematic  reinforcement  of  behaviors  (by  an  experimenter 
directly  interacting  with  the  animal)  which  at  first  may  be  dissimilar  to 
the  desired  operant,  but  may  be  required  to  orient  the  subject  animal 
toward  the  lever  or  toward  a particular  area  in  the  experimental  environment. 
Successive  minor  behavioral  modifications  are  then  introduced  by  the  experi- 
menter which  more  and  more  approximate  the  desired  response.  Finally,  the 
actual  operant  itself  is  presented.  This  procedure  is  tedious  and  time 
consuming,  since  as  many  as  15  hours  can  be  required  with  each  animal 
for  successive  approximation  training  or  "shaping"  to,  for  example,  escape 
aversive  stimuli  by  pressing  a lever  (67). 

An  automatic  and  much  abbreviated  method  for  escape  and  avoidance  condi- 
tioning, which  circumvents  the  problems  inherent  in  the  basic  shaping 
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procedure,  is  also  available  (62),  Termed  Automatic  Shaping,  this 
procedure  eliminates  the  rigorous  successive  approximation  format  and 
slgnif icantly  reduces  the  time  necessary  for  conditioning.  The  experimental 
environment  is  rigorously  structured  such  that  the  probability  of  eliciting 
the  desired  response  from  the  animal  is  maximized . For  example,  if  the 
interior  dimensions  of  the  response  chamber  and  the  location  and  site  of 
the  response  lever  are  correctly  determined,  then  within  the  first  few 
s lulus  trials,  the  animals  exaggerated  motor  activity  in  response  to, 
e.g.,  footshock  will  lead  to  contact  with  the  lever  and  termination  of 
the  shock.  Following  a brief  number  of  trials,  the  desired  operant  is  often 
performed  with  regularity.  Furthermore,  and  very  importantly,  this  system 
can  be  automated. 

The  marked  effectiveness  of  a rectangular  pulse  stimulus  train  of  such  a 
long  duty  cycle  as  the  31.6%  waveform  presently  under  investigation  is 
difficult  to  explain.  The  latter  waveform  was  chosen  for  examination 
because  a similar  effect  had  been  noticed  in  preliminary  studies  using 
experimental  pain  in  humans  (34).  In  the  first  approximation,  one  would 
not  expect  the  generation  of  much  nervous  activity  using  such  a long  pulse 
duration  except  at  the  leading  and  trailing  edges  of  individual  pulses. 

If  the  long  duty  cycle  waveform  proves  to  be  far  superior  upon  completion 
of  the  experiments,  this  waveform  will  be  identified  as  optimal  barring 
significant  side-effects.  However,  if  the  other  waveforms  provide  equivalent 
efficacy  at  comparable  power  levels,  stimulus  formats  using  shorter  pulse 
durations  will  be  selected  as  optimal  due  to  concommitant  reductions  in 
iontophoresis  associated  with  each  EA  stimulus  pulse. 

In  addition  to  marked  effectiveness  during  EA,  the  data  indicates  dramatic 
post-EA  effects  for  all  duty  cycles.  Similar  post-stimulation  analgesia 
has  been  noted  in  association  with  TNS  investigations  in  general  somatic 
(non-orofacial)  anatomical  fields,  and  was  also  a characteristic  feature 
noted  in  our  prior  human  studies  using  experimental  orofacial  pain  (34). 
Neurological  mechanisms  subserving  this  phenomenon  are  unidentified,  but 
since  the  present  studies  involved  EA  stimulation  in  a dermatome  (Trigeminal 
III)  distinct  from  the  origin  of  pain  (Trigeminal  II),  the  effects  are  almost 
certainly  dependent  on  interactions  in  the  central  nervous  system.  The 
observed  post-EA  analgesia  could  have  profound  clinical  significance  if 
sufficient  efficacy  can  be  obtained,  as  pre-operative  or  "waiting  room" 
analgesia  may  prove  to  be  feasible. 

Significant  attrition  has  occurred  in  conducting  animals  through  the  several 
stages  of  surgery  and  training  to  finally  permit  collection  of  Threshold 
Titration  data  with  accompanying  EA.  Also,  the  Threshold  Titration  data 
showed  a significant  amount  of  variability,  as  the  animals  exhibited  a wide 
range  of  responses  around  the  mean  tolerance  level  within  the  control,  EA, 
and  post-EA  periods.  Nevertheless,  the  data  indicate  that,  given  a sufficient 
number  of  stimulus  trials  within  each  experiment,  the  experimental  model  is 
quite  adequate  to  provide  a quantitative  measure  of  average  tolerance  levels 
and  changes  therein  induced  by  the  application  of  EA.  The  Chronic  Psycho- 
physiological  model  is  presently  fully  operational  and  on-line,  and  will 
provide  a powerful  tool  for  the  development  of  EA  techniques  and  the  production 
of  safety  documentation. 
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RECEPTOR  BLOCK  ELECTROANALGESIA:  ACUTE  NEUROPHYSIOLOGICAL  INVESTIGATIONS 


Contemporary  invest  lR.it  ions  related  to  Receptor  Block  F.A  have  almost 
exclusively  involved  human  experiments  related  to  one  of  three  techniques 
used  in  clinical  dentistry,  vitalometry,  electroanalgesia,  and  desensi- 
t i zat ion . 

Vitalometry  involves  the  application  of  alternating  current  waveforms  to 
intact  teeth  to  determine  the  minimum  stimulus  intensity  necessary  for 
perceptual  experience.  The  latter  knowledge  can  be  related  in  a complicated 
wav  to  the  health  status  of  the  pulp  (68).  Vitalometric  techniques  are 
apparently  innocuou=j,  do  not  involve  analgesia,  and  therefore  have  little 
relevance  to  Receptor  Block  EA  except  to  the  extent  that  they  contribute 
to  the  understanding  of  pulpal  sensibility. 

Some  reports  related  to  dental  electroanalgesia  appeared  in  the  1950's  and 
1960's,  but  the  results  were  generally  inconclusive  (35).  A few  studies 
involved  the  use  of  alternating  current  waveforms  (35),  thereby  theoretically 
reducing  contingencies  related  to  current-induced  irreversible  effects.  The 
alternating  current  intensities  did  not  exceed  several  microamperes,  and 
only  incomplete  success  was  obtained  under  the  most  favorable  of  circumstances. 
Most  studies  used  a direct  waveform  ranging  to  60  pA  (35).  Results  using 
these  higher  levels  of  direct  current  indicated  a complete  block  of  perceptual 
and  reflex  manifestations  of  afferent  activity  (35,63,69),  and  analogous 
results  have  been  found  in  studies  of  peripheral  nerve  conduction. 

Lower  intensities  of  direct  current  exhibited  varying  degrees  of  success  or 
failure  (35).  It  is  important  to  note  that  while  patients  were  apparently 
asymptomatic  in  their  post-treatment  histories  (35),  our  studies  have  demon- 
strated that  such  stimulation  induces  definite  irreversible  effects  on  pulpal 
excitability  (56,58). 

Direct  currents  ranging  to  several  mA  are  routinely  used  for  dental  desensi- 
tization procedures  (35).  The  latter  techniques  produce  permanent  damage 
and  tissue  alterations,  in  that  significant  formation  of  reparative  dentin 
and  dead  tracks  is  introduced,  in  spite  of  apparent  asymptomatic  post- 
treatment histories  (35).  Based  upon  the  data  from  our  laboratory  (56,58), 
the  irreversible  consequences  of  such  stimulation  would  render  proposals 
for  even  its  preliminary  study  unacceptable  in  the  context  of  present  require- 
ments for  institutional  Human  Rights  approval.  It  Is  this  very  contingency 
of  such  drastic  irreversibility  that  we  are  seeking  to  alleviate. 

The  above  information  conclusively  demonstrates  that  electrical  currents 
are  capable  of  inducing  a complete  block  of  nulp-el i c ited  afferent  activity 
under  the  general  heading  of  Receptor  Block  EA  as  presently  defined.  However, 
the  traditional  clinical  techniques  are  either  highly  suspect  or  blatantly 
guilty  of  inducing  prolonged  or  permanent  functional  alterations  of  structural 
integrity,  a conclusion  following  directly  from  our  previous  data  (56,58). 


The  use  of  Intermittent  waveforms  (pulsating  direct  current  or  alternating 
current)  for  the  induction  of  Receptor  Block  EA,  which  we  originally  proposed 
and  on  which  our  present  program  is  based  (34,56),  is  the  only  viable  solution 
to  this  dilemma  that  has  been  proposed.  We  reasoned  conceptually  and  subse- 
quent lv  established  experimentally  that  a substantial  reduction  of  total 
power  transfer  afforded  by  Intermittent  waveforms  as  opposed  to  continuous 
direct  current  might  permit  the  retention  of  analgesia  while  simultaneously 
r icing  the  Irreversible  consequences  of  EA  stimulation.  For  complicated 
reasons  discussed  previously  (34),  the  investigation  of  intermittent  EA 
waveforms  required  recordings  from  single  pulp  driven  units  in  the  Gasserian 
ganglion,  and  development  of  the  ganglionic  recording  model  was  completed 
just  prior  to  the  present  contractural  period.  The  work  of  the  present 
contract  year  involved  the  final  verification  of  Receptor  Block  EA  feasibility 
and  the  characterization  of  the  optimal  duty  cycle  and  frequency  of  pulsating 
direct  current  EA. 

Methods 

Animal  Preparation.  Eighty-six  young  adult  cats  weighing  2-4  kg  were  used 
in  the  present  studies,  with  a complete  complement  of  quantitative  data 
obtained  in  44  experiments.  The  animals  were  anesthetized  with  sodium  pento- 
barbital, and  a Bird  Mark  IV-VIII  provided  automatic  artificial  ventilation 
if  necessary  (rarely  activated).  Esophogeal  temperature,  systolic  and  diastolic 
blood  pressure,  and  end-tidal  CC>2  were  monitored  and  maintained  as  described 
previously  (55,56,58,59). 

St imulat ion.  The  tooth  preparation  was  carefully  designed  to  minimize 
disturbances  of  the  pulpal  environment,  to  maximize  electrode  area  and  mini- 
mize polarization,  and  to  insure  confinement  of  stimuli  to  the  test  pulp 
(37,38,40,41). 

Test  stimuli  were  applied  to  a maxillary  canine  tooth  pulp  using  platinum 
electrodes  placed  in  two  shallow  cavities  just  through  the  enamel.  The  two 
non-occlusal  electrodes  thereby  formed  were  used  for  the  application  of  test 
stimuli,  the  latter  being  monophasic  rectangular  pulses  of  an  intensity 
appropriate  to  the  particular  test.  Test  stimuli  were  derived  from  a 
specially  designed  battery-powered,  photically-isolated  constant-current 
stimulator  driven  by  one  channel  of  a Grass  S-88  physiological  stimulator. 

To  permit  test  stimulation  free  from  artifact,  the  EA  stimulus  train 
(described  below)  was  interrupted  for  a period  of  30  msec  at  200  msec  intervals, 
and  the  test  stimulus  was  presented  15  msec  after  each  interruption  of  EA. 

The  EA  electrode  contact  was  formed  by  removing  the  occlusal  one-third  of  the 
test  tooth  enamel  and  immersing  the  exposed  dentin  in  a plexiglas  cup 
containing  normal  saline  and  a platinum  electrode.  The  monopolar  stimulus 
configuration  was  used  for  the  application  of  EA  current,  using  the  occlusal 
cup  electrode  referenced  to  a 1 cm  length  of  platinum  wire  inserted  subcu- 
taneously in  the  contralateral  cheek.  EA  currents  were  trains  of  monophasic 
rectangular  pulses  of  anodal  polarity  at  the  occlusal  cup  electrode.  A 
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calibration  curve  for  EA  current  related  the  voltage  output  of  a Hewlett- 
Packard  Model  801 1A  pulse  generator  and  the  output  of  the  current  generator 
described  below. 


EA  and  test  stimulus  intensities  were  recorded  in  terms  of  current.  Certain 
precautions  related  to  such  measurements  and  the  relationship  of  current  to 
other  electrical  parameters  have  been  previously  discussed  (59).  A new 
i:  'ated-output  constant-current  generator  has  recently  been  designed  and 
. anricated  in  our  laboratory.  The  latter  device  incorporates  state-of- 
the-art  features  to  absolutely  minimize  current  leakage  between  stimulation 
lead  wires,  which  occurs  by  virtue  of  capacitive  reactance  pathways  available 
to  high-frequency  components  of  the  EA  stimulus  train.  The  output  charac- 
teristics of  the  stimulator  and  its  experimental  positioning  reduced  such 
current  leakage  problems  to  negligible  values  (less  than  one  percent).  Thus, 
all  reported  EA  currents  arrived  at  the  electrode-tissue  interface  and 
therefore  passed  through  the  biological  tissue  of  interest,  with  the  exception 
of  any  currents  involved  in  charge  storage  associated  with  polarization  of 
the  stimulating  electrodes  (59).  The  stimulator  had  a measured  rise-time 
of  less  than  10  ns  in  the  experimental  situation. 

Recording.  The  anesthetized  animal  was  mounted  in  a stereotaxic  apparatus 
(Model  1504,  David  Kopf  Instruments).  Cranial  musculature  was  reflected, 
a par ieto-temporal  craniotomy  was  performed,  cerebral  tissue  was  removed 
to  expose  the  Gasserian  ganglion,  and  the  ganglion  was  thereafter  placed 
under  mineral  oil  maintained  at  38  + 0.5  C.  All  recordings  involved 
Frederick  Haer  epoxy-coated  tungsten  microelectrodes,  using  penetrations 
oriented  perpendicular  to  the  horizontal  stereotaxic  plane.  The  recording 
electrode  was  connected  to  a Frederick  Haer  d-c  Preamplifier  Model  40-20-2, 
and  from  there  to  a 60  Hz  notch  filter  (Mentor  Model  F-60) , a bandpass- 
limited  amplifier  (Tektronix  Model  3A9),  and  an  oscilloscope  (Tektronix 
564-B) . 

Experimental  Protocols.  Three  distinct  experimental  protocols  were  completed 
in  the  present  contract  year,  being  a preliminary  feasibility  study,  a duty 
cycle  series,  and  a frequency  series,  respectively.  The  purpose  of  the 
preliminary  series  was  to  investigate  the  feasibility  of  using  intermittent 
Receptor  Block  EA  waveforms,  by  surveying  several  intermittent  rectangular 
pulse  trains  having  various  frequencies  and  duty  cycles  and  comparing  the 
efficacy  of  block  to  that  of  continuous  direct  current.  The  purpose  of  the 
duty  cycle  series  was  to  identify  the  optimal  duty  cycle  of  Receptor  Block 
EA,  and  the  last  experimental  series  served  to  identify  the  optimal  frequency 
of  Receptor  Block  EA,  using  the  duty  cvcle  identified  in  the  previous 
experiments.  All  three  experimental  series  involved  identical  details 
regarding  the  format  of  data  collection,  described  in  detail  below. 

Exploration  of  the  Gasserian  ganglion  ipsilateral  to  the  test  tooth  involved 
electrode  penetrations  in  a rostrocaudal  and  mediolateral  grid  of  0.5  mm 
steps  and  at  frequent  subsurface  depths  to  identify  responses  elicited  by 
supramaximal  stimulation  of  the  test  tooth  (200  pA,  0.1  msec).  Cautious 
attempts  were  made  to  maximize  response  amplitude  of  identified  pulp-driven 
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units  by  further  vertical  movements  of  the  recording  electrode.  Subsequently, 
physiological  characteristics  of  the  pulp-driven  unit  were  characterized 
for  a comptrison  with  previous  results  (59). 

Definitive  protocols  were  composed  of  successive  F.A  intens itv-stepping  series 
using  a particular  continuous  train  of  monophasic  rectangular  pulses.  In 
each  KA  intensity-stepping  series,  the  threshold  of  a pulp-driven  unit  was 
r.  -rded  every  15  sec  wtiile  peak  EA  intensity  was  varied  in  step  increments 
o!  10  pA  in  an  ascending  series  from  0-100  pA.  Each  level  of  EA  intensity 
was  maintained  for  one  minute.  Within  an  individual  experiment,  successive 
EA  intensity-stepping  series  were  without  exception  conducted  in  the  order  of 
lowest  to  highest  power  transfer,  if  applicable,  and  prolonged  time  intervals 
separated  individual  intensity-stepping  series  to  minimize  accumulative  effects 
(56,58,59,63).  The  preliminary  experimental  series  involved  a survey  of  the 
effectiveness  of  waveforms  having  various  combinations  of  10  pps,  100  pps  and 
1000  pps  frequency  and  duty  cycles  of  1%  and  10%.  The  duty  cycle  series 
investigated  values  of  1.00%,  3.16%,  and  10.0%  (equally  spaced  logarithmically) 
at  a frequency  of  1000  pps,  a range  of  values  identified  as  optimal  in  the 
preliminary  series  (59).  The  frequency  series  involved  characterization  of 
the  efficacy  of  100  pps,  1000  pps,  10,000  pps  and  100,000  pps,  using  a duty 
cycle  of  10%  identified  as  the  most  effective  in  the  previous  duty  cycle 
series.  Experiments  were  usually  terminated  with  an  intensity-stepping 
series  involving  continuous  direct  current  for  comparison  with  previous 
data  (59).  Following  each  EA  intensity-stepping  episode,  recordings  were 
continued  for  varying  periods  to  document  recovery. 

Results 

Preliminary  Experimental  Series.  Figure  1 summarizes  data  from  12  experiments 
in  which  the  EA  intensity-stepping  series  was  administered  to  a test  tooth 
while  the  thresholds  of  single  pulp-driven  units  in  the  Gasserian  ganglion 
were  monitored.  In  some  experiments  an  initial  slight  hyperexcitability  was 
found  at  low  levels  of  constant  direct  current  EA,  as  evident  in  the  averaged 
data  of  Figure  1.  As  the  level  of  constant  direct  current  EA  was  increased, 
a marked  progressive  hypoexcitabilitv  was  evident  which  finally  reached  a 
plateau  at  an  EA  intensity  of  70-80  ^iA.  The  two  10  Hz  pulsating  waveforms 
(1  and  10%  duty  cycles,  respectively)  elicited  negligible  alterations  of 
thresholds  for  all  levels  of  EA  ranging  to  100  ^iA.  Using  the  100  Hz  pulsating 
waveforms,  the  1%  duty  cycle  tests  resulted  in  a progressive  elevation  in 
threshold  which  eventually  reached  a value  of  approximately  37%  of  the 
effectiveness  of  constant  direct  current  EA  at  100  pA,  whereas  the  10%  duty 
cycle  tests  resulted  in  a qualitatively  similar  response  pattern  which  was 
58%  as  effective  as  constant  direct  current  EA  at  100  f. lA . Finally,  the 
1000  Hz  pulsating  waveform  (examined  at  a 10%  duty  cycle  only)  exhibited 
approximately  90%  of  the  efficacy  of  constant  direct  current  EA  at  100  yuA, 
and  actually  exceeded  the  effectiveness  of  constant  direct  current  for  certain 
intermediate  EA  Intensities.  Both  the  pulsating  and  constant  direct  current 
waveforms  exhibited  initial  elevations  from  control  levels  at  approximately 
20  to  30  pA,  progressively  rose  with  EA  intensities  in  the  range  of  30  to  100  fs A, 
and  in  some  cases,  the  thresholds  tended  to  reach  a plateau  at  EA  intensities 
above  70  to  80  ^iA. 
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Figure  1.  Averaged  Data  of  the  Relative  Threshold  of  Single  Pulp-Driven 
(langl ionic  Units  During  EA  Intensity-Stepping  Series;  Preliminary  Experi- 
mental Series  (N- 12).  Thresholds  of  each  individual  unit  were  normalized 
by  comparison  to  average  values  prior  to  initiation  of  electroanalgesia. 
All  data  points  in  each  series  were  recorded  at  15  sec  intervals.  Left 
ordinate  (X  of  control  threshold)  refers  to  data  curves;  right  ordinate 
(electroanalgesia  intensity)  refers  to  the  shadowed  background. 
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The  results  using  the  various  EA  waveforms  have  been  quantitatively  analyzed 
using  the  repeated  analysis  of  variance  procedure  to  compare  maximal  levels 
of  threshold  elevation  which  were  achieved.  For  each  waveform,  all  threshold 
readings  taken  for  F.A  current  levels  of  80  to  100  jjA  were  combined,  as  the 
averaged  results  of  the  constant  direct  current  tests  In  this  range  showed 
a marked  tendency  to  reach  a plateau.  The  results,  presented  in  Table  VIII, 
indicate  that  both  intensity  and  waveform,  considered  individually,  were 
• tistically  significant  variables  in  terms  of  the  efficacy  of  EA,  although 
no  interaction  between  these  two  variables  was  revealed.  Further  analysis 
using  Duncan's  Multiple  Range  Test  indicated  no  significant  differences 
in  threshold  elevation  between  the  80  fiA  and  90  pA  EA  current  intensities, 
but  both  of  the  latter  intensities  were  significantly  less  efficacious  than 
100  ^iA  EA  (p  <T  0.05).  The  most  effective  pulsating  direct  current  waveform 
(1000  Hz-10%  duty  cycle)  did  not  differ  significantly  from  constant  direct 
current  in  the  range  of  intensities  subjected  to  statistical  analysis, 
although  all  other  pulsating  direct  current  waveforms  were  significantly 
different  from  constant  direct  current  (these  conclusions  were  based  on  the 
0.05  level  of  statistical  probability).  Using  the  same  statistical  criteria, 
the  1000  Hz-10%  waveform  differed  significantly  from  all  other  pulsating 
direct  current  waveforms  except  that  of  the  100  Hz-10%  duty  cycle.  Extending 
the  above  analysis,  the  100  Hz-1%  waveform  did  not  differ  significantly  from 
either  10  Hz  waveform  based  on  the  number  of  experiments  analyzed,  in  spite 
of  visual  impressions  to  the  contrary  exhibited  by  the  averaged  data  of 
Figure  1. 

The  time  course  of  recovery  from  EA  current  is  summarized  in  Figure  2. 

The  constant  direct  current  waveform,  again  used  as  the  basis  for  comparison 
with  our  previous  work  (56,58),  displayed  a partial  diminution  of  hypoex- 
citability  during  the  first  minute.  However,  this  intermediate  elevated 
threshold  value  was  thereafter  retained,  there  being  no  further  tendency  for 
recovery  of  pre-EA  levels  of  excitability  over  the  post-EA  interval  examined. 
This  behavior  is  analogous  to  our  previous  field-potential  character izat ions 
in  the  trigeminal  complex  of  the  brain  stem  (56).  In  contrast,  with  all 
pulsating  direct  current  waveforms,  the  threshold  fell  to  much  lower  values 
within  the  first  minute,  and,  subsequent 1\  , displayed  a progressive  tendency 
to  further  approach  pre-EA  levels  in  the  succeeding  minutes.  In  the  present 
experiments,  the  recovery  period  was  not  followed  for  extended  periods  of 
time,  in  favor  of  collecting  complete  EA  data  sets  involving  a greater  number 
of  independent  waveforms. 

Duty  Cycle  Experimental  Series.  Figure  3 summarizes  the  results  of  16  experi- 
ments in  which  a complete  set  of  EA  intensity-stepping  series  data  was 
obtained  for  all  three  duty  cycles  of  interest.  In  seven  of  the  16  experiments, 
an  intensity-stepping  series  involving  continuous  direct  current  EA  (100% 
duty  cycle)  constituted  an  additional  final  episode. 

An  initial  slight  hyperexcitability  was  observed  in  most  constant  direct 
current  intensity-stepping  series  at  low  levels  of  EA  (Figure  3),  confirming 
previous  observations  (59).  The  primary  EA  effect  was  a marked  progressive 
hypoexcitability  prominent  at  intermediate  levels  of  EA  but  then  reaching 
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Relative  Waveform  Effectiveness  in  the  Preliminary  Experimental  Series 


03 


i 

IF 


rH 

m 

o 

o 

rsi 

in 

o 

O 

O 

Pu 

• 

• 

• 

o 

o 

o 

V 

V 

A 

r— i 

vO 

o> 

Cb 

<r 

oo 

r- 

o 

ON 

CN 

CN 

00 

m 

O' 

m 

vO 

rH 

m 

X 

*> 

9 

9k 

oo 

CN 

vO 

<r 

m 

* 

r-H 

rH 

00 

m 

CN 

o 

"O 

vO 

rH 

rH 

O' 

s£> 

vO 

m 

co 

O' 

O 

CN 

C/3 

o 

m 

<r 

m 

O' 

C/3 

#> 

r 

•» 

9. 

9 

rsi 

rsi 

ro 

cn 

in 

r^. 

m 

vO 

vO 

O 

o 

n* 

9 

r 

9> 

oo 

00 

CN 

Sn 

u 

•rH 

CO 

C 

03 

U 

c 

tH 

03 

X 

u 

>> 

u 

a 

a 

3 

co 

£ 

•rH 

£ 

0 

rH 

0 

CO 

o 

C/3 

rH 

03 

<+H 

c 

*4H 

03 

a 

<13 

03 

03 

•H 

> 

4J 

> 

o 

c 

03 

c 

03 

H 

c 

M 

* 

•H 

CO 

03 

oo 


rH  *4-1 

03  0 

c 

03  03 
0 U 
U C 
U 03 
CJ  CO 
03  £i 
rH  03 

03 

03 

15 

100 

to 

<33 

O 3 
4J  TJ 

O 03 
00  C 

•H 

OC  C 

c 

•rH  O 
>H  4J 

3 

'V  CN 

rH 

Vi 

• 

o)  a 

CO 

3 O 

a 

rH 

0 

03  Uh 

•H 

> 

i-j 

sO 

00 

Z 

•*H 

O' 

CN 

T3 

T3 

o 

r— 

rH  rH 

C 

9 

r 

9 

O 03 

0 

vO 

vO 

-C  4-1 

CJ 

cn 

w C 

CN 

03  0) 

£ 

m a 

V* 

^ tH 

0 

4->  U 

u~ 

03 

03 

rH  a 

> 

03  X 

03 

a 03 

rH 

S 

1 

0 03 

o 

sO 

O 

a ,c 

4J 

<r 

rH 

00 

u 

•H 

UH 

cr, 

O 03 

C 

o 

a > 

03  3 

4J 

U T3 

c 

C 03 

•H 

03  U 
**H 

4 

»h  0 

•H 

03  4-3 

’J) 

O' 

00 

CN 

> 

03 

<r 

sO 

«n 

00 

00 

Os 

rH 

*4-t  U 

rH 

r 

9 

•> 

O 03 

4 

m 

>3- 

0) 

C 

<1 

O 

Os 

co  co 

03 

*4- 

rH 

in 

*H  03 

0 

•> 

co  cj 

U 

Ov 

03 

W 

rH  C 

u 

0J 

« 

C CO 

rH 

0J  03 

03 

* 

co 

U, 

03  4J 

03 

Vw  -H 

r * 

3 

0 

/H 

X 

>>  «-■*' 

CO  r 

u 

a 

4J 

co  CO 

•rH 

£ 

•H 

•H  U 

03  *H 

4-» 

o 

CO 

<0  *H 

B co 

Vh 

<4H 

c 

C CO 

03 

03 

03 

03  C 

X)  rH 

a 

> 

4J 

4-»  (U 

03  03 

03 

c 

C 4-3 

4J  C 

a 

* 

•H 

*H  C 

03  03 

o 

N-T 

03 

Wh 

a CO 

«4H 

u 

fc 

H X 

03  »H 

o 

0 

0 

a:  -c 

X 

|H 

M 

M 

4J 

03 

M 

Pi 

H 

3 

W 

W 

u 

ta 

rH 

O 

03 

Pu 

> 

32 


Time  (min)— 


Figure  2.  Averaged  Data  of  the  Relative  Threshold  of  Single  Pulp-Driven 
Ganglionic  Units  Following  EA  Intensitv-Stepping  Series;  Preliminary 
Experimental  Series  (N«12).  Thresholds  of  each  individual  unit  were 
normalized  by  comparison  to  its  average  values  prior  to  initiation  of 
electroanalgesia . 
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Figure  3.  Averaged  Data  of  the  Relative  Threshold  of  Single  Pulp-Driven 
Ganglionic  Units  During  EA  Intensity-Stepping  Series;  Duty  Cycle 
Experimental  Series.  N«16  for  pulsating  waveforms  and  7 for  the  continuous 
direct  current.  Thresholds  of  each  individual  unit  were  normalized  by 
comparison  to  its  averaged  value  prior  to  the  initiation  of  electroanalgesia. 
All  data  points  in  each  series  were  recorded  at  15  sec  intervals.  Left 
ordinate  (%  of  control  threshold)  refers  to  data  curves;  right  ordinate 
(electroanalgesia  intensity)  refers  to  the  shadowed  background. 
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4t  maximal  effectiveness  at  the  higher  intensities  investigated.  The 

! averaged  results  for  all  effective  duty  cycles  were  similar  in  general 

features,  but  the  magnitude  of  effects  were  strongly  duty  cycle  dependent. 
Hypoexcitability  was  essentially  absent  for  low  EA  intensities  ( < 20  jiA)  , 
then  became  positively  correlated  with  EA  intensity  for  intermediate  values 
(approximately  20-70  /jA),  and  then  reached  maximal  levels  for  the  higher 
EA  intensities  studied  ( > 70  uA) . The  1.00%  duty  cycle  waveform  lacked 
f jctiveness  at  all  F.A  intensities  investigated.  With  the  3.16%  duty 
cycle,  noticeable  effects  were  not  apparent  until  intensity  levels  of 
50-60  ^iA,  and  did  not  exceed  a two  fold  increase  in  threshold  at  EA 
intensities  of  70-100  pA.  The  10.0%  duty  cycle  and  direct  current  (100% 
duty  cycle)  waveforms  exhibited  a pronounced  positive  dependence  of  hypo- 
excitability  on  EA  intensity  in  the  range  of  approximately  20-70  pA,  at 
| which  point  the  effectiveness  became  independent  of  further  increases  in 

EA  magnitude.  Maximal  increases  in  threshold  for  the  10.0%  and  direct 
current  waveforms  were  in  the  range  of  400-500%  of  control  values. 

The  data  characterizing  the  efficacy  of  various  EA  duty  cycles  was  quantita- 
tively analyzed  using  a factorial  analysis  of  variance  (70)  to  compare  maximum 
threshold  elevations.  The  results  of  the  analysis  are  summarized  in  Table  IX. 
Neither  the  interaction  between  duty  cycle  and  intensity  nor  the  main  effect 
for  intensity  approached  significance  (p  >■  .10).  The  absence  of  an  effect 
for  intensity  indicates  a marked  tendency  of  EA  to  reach  maximal  effectiveness 
in  the  range  of  70-100  pA  (the  effects  plateaued).  The  plateauing  phenomena 
i is  evident  to  visual  inspection  of  the  data  of  Figure  3 and  has  also  been 

' noted  in  a previous  study  (59).  The  main  effect  for  duty  cycle  was  signi- 

ficant (p  < .05).  A Schaffes  test  (70)  was  then  performed  to  determine 
the  differences  in  et tectiveness  for  the  various  duty  cycles  within  the  range 
of  70-100  fjA  EA . The  Schaffes  test  indicated  that  the  1.00%  and 
3.16%  duty  cycle  conditions  were  not  distinguishable  from  each  other,  but 
both  of  the  latter  waveforms  were  significantly  less  effective  than  the  !0.0% 
duty  cycle  and  direct  current  EA.  There  was  no  significant  difference  between 
the  effectiveness  of  the  10.0%  duty  cycle  and  continuous  direct  current. 

The  temporal  course  of  the  averaged  pulpal  threshold  data  which  occurred 
during  post-EA  recovery  periods  is  shown  in  Figure  4.  The  data  indicates 
that  following  termination  of  all  EA  waveforms  studied,  pulpal  excitability 
returned  to  near  control  levels  after  1-2  min  with  one  exception.  The  temporal 
profile  of  the  10.0%  dutv  cycle  data  indicated  a slight  delay  in  recovery 
when  compared  to  the  other  waveforms,  although  recovery  was  essentially 
complete  eight  minutes  following  termination  of  EA.  The  latter  time  course 
is  similar  to  that  observed  for  the  same  waveform  in  the  preliminary  studv 
(59). 

The  time  course  of  averaged  pulpal  thresholds  following  direct  current  EA 
was  somewhat  unexpected  in  that  normal  excitability  was  so  rapidly  achieved, 
although  the  number  of  experiments  contributing  to  these  results  was  small 
in  number  (seven  of  sixteen).  Previous  averaged  results  involving  continuous 
direct  current  EA  recorded  under  similar  (41)  or  somewhat  differing  (40) 
circumstances  indicated  a significant  degree  of  post-EA  hypoexcitability. 
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Relative  Waveform  Effectiveness  in  the  Duty  Cycle  Experimental  Series 


Figure  4.  Averaged  Data  of  the  Relative  Threshold  of  Single  Pulp-Driven 
Ganglionic  Units  Following  EA  Intensity-Stepping  Series;  Duty  Cycle 
Experimental  Series.  N«16  for  pulsating  waveforms  and  7 for  the  continuous 
direct  current.  Thresholds  of  each  individual  unit  were  normalized  by 
comparison  to  its  averaged  value  prior  to  the  initiation  of  electroanalgesia. 
All  data  points  were  collected  at  15  sec  intervals  for  the  first  five  minutes 
following  the  termination  of  electroanalgesia  and  every  one  minute  there- 
after. Threshold  recordings  were  discontinued  when  control  values  were 
attained. 
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In  this  context,  it  is  important  to  note  that  the  raw  data  from  an  individual 
unit  during  recovery  as  well  as  during  EA  was  typically  quite  uniform  but 
there  was  considerable  variability  between  individual  units.  Similar  varia- 
bility has  also  been  reported  by  other  workers  (50).  If  a total  block  is 
defined  as  a threshold  elevation  in  excess  of  ten  times  the  control  value 
and  recovery  as  a return  to  within  25%  of  control  excitability,  then  the 
primary  afferents  observed  to  date  can  be  assigned  to  one  of  two  categories, 
r bining  previous  (59)  direct  current  EA  data  with  the  analogous  data  from 
the  present  investigation,  all  fibers  (eight)  which  were  not  totally  blocked 
exhibited  recovery,  whereas  approximately  half  (four  of  nine)  of  the  fibers 
which  were  totally  blocked  did  not  recover  within  the  post-EA  period  of 
measurement.  These  results  are  not  apparent  in  the  averaged  data  of  Figure  4, 
because  in  the  present  experiments  fewer  direct  current  EA  stepping  series 
were  included  and  of  those  completed  only  one  of  three  fibers  which  underwent 
total  block  failed  to  recover. 

Frequency  Experimental  Series.  Figure  5 summarizes  the  results  of  16  experi- 
ments in  which  a Complete  set  of  EA  intensity-stepping  series  data  was  obtained 
for  all  four  pulsating  direct  current  frequencies  of  interest  as  well  as  a 
continuous  direct  current  series  for  comparison.  An  initial  hyperexcitability 
was  observed  in  most  constant  direct  current  intensity-stepping  series  at  low 
levels  of  EA  current  (Figure  5),  confirming  previous  observations  (59).  For 
effective  waveforms,  the  primary  EA  effect  was  a marked  progressive  hypoex- 
citability  prominent  at  intermediate  and  high  levels  of  EA,  the  effects  being 
slightly  concave  to  the  time  (EA  intensity)  axis.  EA  efficacy  was  strongly 
dependent  on  frequency  and  EA  intensity.  Hypoexcitability  was  essentially 
absent  for  low  EA  intensities  (<  20  |iA)  for  all  intermittent  pulse  trains 
except  the  100  pps  waveform,  then  became  positively  correlated  with  EA 
intensity  for  intermediate  values  (approximately  20-70  ^iA) , and  in  most  instan- 
ces, the  effectiveness  plateaued  for  higher  EA  intensities  investigated 
( > 70  ^iA) . The  10,000  pps  and  100,000  pps  waveforms  showed  little  effect 
at  any  of  the  EA  intensities  investigated.  With  the  100  pps  waveform,  the 
effects  gradually  rose  to  a level  of  150%  of  control  for  intermediate  and 
high  intensities  and  showed  a large  increase  to  200%  of  control  thresholds 
above  90  fiA.  The  latter  increase  was  essentially  due  to  an  enormous  increase 
observed  in  two  experimental  animals,  and  the  remaining  units  exhibited  the 
plateau  phenomenon.  The  1000  pps  frequency  and  the  direct  current  waveform 
exhibite.  a pronounced  positive  dependence  of  hypoexcitability  on  EA  intensity 
for  intermediate  and  high  levels  of  EA  stimulation.  Maximal  increases  in 
threshold  for  the  1000  pps  and  direct  current  waveforms  were  approximately 
400%  of  control  values. 

Changes  in  pulpal  unit  thresholds  were  analyzed  with  the  Repeated  Measures 
Analysis  of  Variance.  For  each  waveform,  all  threshold  readings  for  EA 
currents  of  70-100  jjA  were  combined,  as  in  the  previous  experimental  series, 
to  further  examine  the  plateauing  phenomenon.  The  main  effects  for  both 
intensity  and  frequency  were  significant  (p  < .05;  p<  .05»  respectively), 

but  the  interaction  between  intensity  and  frequency  did  not  attain  signifi- 
cance (p > .05).  Therefore,  Duncan's  Multiple  Range  Test  for  Mean  Difference 

was  calculated  tor  both  the  different  levels  of  EA  intensity  and  the  different 
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, Figure  5.  Averaged  Data  of  the  Relative  Threshold  of  Single  Pulp-Driven 

Ganglionic  Units  During  EA  Intensity-Stepping  Series;  Frequency  F.xper imental 
Series.  N«16  for  all  waveforms  examined.  Thresholds  of  each  individual 
unit  were  normalized  by  comparison  to  its  averaged  value  prior  to  the 
initiation  of  electroanalgesia.  All  data  points  in  each  series  were 
recorded  at  15  sec  intervals.  Left  ordinate  (%  of  control  threshold) 
refers  to  data  curves;  right  ordinate  (electroanalgesia  intensity) 
refers  to  the  shadowed  background. 


39 


EA  waveform  frequencies.  The  70  p\  condition  demonstrated  the  least 
threshold  elevation.  The  80  and  90  pA  conditions  both  were  superior  to 
the  70  pA  condition  but  did  not  differ  within  themselves.  The  100  pA 
condition  proved  to  be  the  most  effective  of  all  four  intensity  levels. 

In  examining  the  different  frequencies,  it  was  found  that  the  100,  10,000, 
and  100,000  pps  conditions  demonstrated  statistically  similar  and  minimal 
influences  on  pulpal  thresholds.  In  contrast,  both  the  1000  pps  and  contin- 
i s direct  current  conditions  generated  a significant  threshold  elevation 
which  was  statistically  indistinguishable.  Table  X summarizes  the  analysis. 

The  main  effect  for  intensity  was  somewhat  surprising  since  it  has  not 
appeared  in  previous  analyses.  A consideration  of  the  statistical  validity 
of  this  finding  therefore  seemed  worthy  of  attention.  The  threshold  incre- 
ment was  most  unexpected  at  the  100  pA  level.  The  100  pps,  1000  pps,  and 
continuous  direct  current  conditions  all  exhibited  distinct  threshold  increases 
at  this  intensity  level.  In  returning  to  the  raw  threshold  elevation  data, 
the  data  of  two  animals  stood  glaringly  apart  from  that  of  the  others. 

Animal  if  1 had  a rather  unusual  pattern  of  threshold  change  in  the  100  Hz 
condition.  While  the  animal  showed  a threshold  elevation  of  only  10%  over 
control  through  90  pA,  it  suddenly  was  elevated  to  more  than  800%  over  control 
during  100  pA.  Animal  if  12  had  a similar  sudden  shift  in  the  1000  Hz  condi- 
tion where  in  the  last  15  seconds  of  the  90  pA  level,  its  unit's  threshold 
jumped  from  78%  over  control  to  more  than  800%  over  control.  These  very 
large  threshold  shifts  may  have  been  the  sole  basis  for  the  main  effect  for 
intensity  which  the  statistical  analysis  suggested.  In  order  to  test  the 
latter  supposition,  the  data  of  these  two  animals  were  excluded  and  a re- 
analysis was  performed.  In  this  analysis  there  was  a significant  interaction 
between  intensity  and  frequency  [F=3.25,  d . f .= (12 , 156) , p < .05].  This 

interaction  reflected  the  single  instance  in  which  an  effect  for  intensity 
still  was  present,  it  being  a difference  between  the  70  pA  and  80  p A conditions 
for  the  continuous  direct  current  condition.  No  other  intensity  comparisons 
yielded  a significant  difference. 

There  exists  an  excellent  a priori  reason  to  exclude  the  data  of  these  two 
animals.  The  temporal  threshold  profile  described  above  is  obviously 
reminiscent  of  the  'irreversible  threshold'  phenomenon  which  we  have  previously 
identified  (58).  Therefore,  after  excluding  the  aberrant  data  involving  the 
distinct  phys iological  phenomenon  of  irreversibility,  the  present  data  further 
confirms  the  plateau  phenomenon  in  the  range  of  80-100  pA  EA.  Data  from  the 
duty  cycle  experiments  also  indicated  plateauing  was  manifest  at  70  pA,  but 
the  phenomenon  was  not  evident  in  the  frequency  or  the  preliminary  experimental 
series  until  80  pA. 

The  temporal  course  of  the  average  pulpal  threshold  data  which  occurred  during 
post-EA  recovery  periods  is  shown  in  Figure  6.  The  data  indicates  that 
following  the  termination  of  100  pps,  10,000  pps,  and  100,000  pps  EA,  pulpal 
excitability  returned  to  near  control  levels  after,  at  most,  seven  minutes. 

The  temporal  profile  of  the  1000  pps  data  indicated  a slight  delay  in  recovery 
when  compared  to  the  abovement ioned  waveforms,  although  recovery  was  essen- 
tially complete  twelve  minutes  following  EA  termination.  The  continuous  direct 
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Figure  6.  Averaged  Data  of  the  Relative  Threshold  of  Single  Pulp-Driven 
Ganglionic  Units  Following  EA  Intensity-Stepping  Series;  Frequency 
Experimental  Series.  N**16  for  all  waveforms  examined.  Thresholds  of 
each  individual  unit  were  normalized  by  comparison  to  its  averaged  value 
prior  to  the  initiation  of  electroanalgesia.  All  data  points  were  collected 
at  15  sec  intervals  for  the  first  five  minutes  following  the  termination 
of  electroanalgesia  and  every  one  minute  thereafter.  Threshold  recordings 
were  discontinued  when  control  values  were  attained. 
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current  data  showed  an  even  more  prolonged  post-EA  hypoexcitability  and  never 
did  completely  recover  during  the  observation  interval.  It  is  important  to 
note  that  the  duration  of  EA  administration  using  the  present  experimental 
format  is  very  short,  including  only  several  minutes  at  the  higher  EA 
intensities.  Preliminary  data  in  association  with  another  study  in  our 
laboratory  indicates  that  continuous  direct  current  stimulation  maintained 
for  longer  periods  results  in  pronounced  irreversibility. 

j i .c uss  1 on 

The  present  results  establish  the  feasibility  of  pulsating  direct  current  EA. 

The  optimal  waveform  based  on  the  data  to  date  is  composed  of  a train  of  mono- 
phasic  anodal  rectangular  pulses  of  10%  duty  cycle  and  frequency  of  1000  pps. 

At  comparable  peak  intensities  (and  therefore  only  10%  of  the  electrical  power), 
the  latter  waveform  produced  blockades  of  pulpal  afferent  activity  statisti- 
cally indistinguishable  from  continuous  direct  current  EA.  Reductions  in 
duty  cycle  below  10%  or  the  use  of  frequencies  above  or  below  1000  pps  produced 
a pronounced  roll-off  in  EA  efficacy. 

Data  from  the  duty  cycle  series  indicated  an  absence  of  a main  effect  for 
intensity  in  the  statistical  analysis  of  the  data  ranging  from  70-100  ^iA, 
indicating  the  presence  of  a plateau  effect  in  this  range  for  all  duty  cycles 
investigated.  A strong  tendency  toward  the  plateau  effect  was  also  noted  in 
the  preliminary  series  and  also  in  the  frequency  series  if  the  data  of  two 
units  is  omitted.  Perusal  of  the  raw  data  from  individual  experiments  indicates 
that  most  units  tend  to  show  a definite  plateauing  effect  in  the  range  of 
70-100  pA,  but  the  results  are  less  conclu-ive  in  some  of  the  averaged  data 
due  to  the  pronounced  effect  of  a small  number  of  units  exhibiting  wildly 
aberrant  behavior.  The  nature  of  the  aberrant  behavior  is  a sudden  and 
seemingly  irreversible  enormous  increase  in  threshold  such  that  the  units 
cannot  be  activated  at  all,  apparently  the  result  of  exceeding  the  'irrever- 
sibility threshold'  which  we  have  previously  described  (58).  It  appears  that 
the  plateau  phenomenon  is  real,  but  its  presence  in  the  average  data  is 
obscured  by  occasional  interference  of  the  'irreversibility'  phenomenon. 

The  data  is  presently  being  reanalyzed  to  properly  distinguish  conclusions 
following  appropriate  consideration  of  both  the  'plateau'  and  'irreversibility' 
phenomena . 

Results  in  the  Receptor  Block  program  to  date  are  profoundly  significant 
clinically.  The  data  indicates  that  the  use  of  a continuous  train  of  rectan- 
gular anodal  pulses  (a  pulsating  direct  current  waveform)  of  10%  duty  cycle 
and  1000  pps  frequency  permits  retention  of  analgesia  while  affording  an 
order  of  magnitude  reduction  in  power  and  negligible  irreversibility  contin- 
gencies, when  compared  to  continuous  direct  current  EA.  Experiments  scheduled 
for  the  immediate  future  will  test  the  efficacy  of  alternating  current 
waveforms,  desirous  because  of  decreased  iontophoresis,  and  to  verify  Receptor 
Block  EA  at  the  perceptual  level  in  Chronic  experiments. 
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GATING  BLOCK  F.A:  HUMAN  PSYCHOPHYSIOLOOICAL  EXPERIMENTS 


A.  The  Human  work  of  the  present  contract  year  was  composed  of  two 
distinct  phases,  Phase  I and  Phase  II,  both  involving  the  use  of 
experimental  pain  (electrical  pulp  stimulation;  a second,  independent 
stimulus  channel). 

B.  The  Phase  I studies  were  d^ected  to  a preliminary  survey  of  particular 
electrode  configurations  and  sites  of  stimulation: 

a)  The  use  of  two  or  three  active  EA  electrodes  were  ineffective 
when  compared  to  the  use  of  one  active  electrode  (all  electrodes 
having  identical  area)  using  comparable  current  densities. 

Therefore,  only  one  active  electrode  (4  mm  X 4 mm)  will  be  used 
in  a general  region  of  stimulation. 

b)  Four  orofacial  anatomical  stimulus  sites  were  examined  in  detail. 

The  two  most  effective  sites  were  the  Mental  Foramen  and  our 
standard  Intraoral  Mucosa  site  near  the  test  tooth  which  we  have 
used  historically.  The  Infraorbital  Foramen  and  Intraoral  Salivary 
Duct  sites  proved  to  be  unsatisfactory. 

C.  The  Phase  II  studies  were  composed  of  a quantitative  comparison  of 
the  Mental  Foramen  versus  the  Intraoral  Mucosa  sites  identified  as 
the  most  effective  in  the  Phase  I work.  This  is  an  important  consi- 
deration because  the  Mental  Foramen  site  is  much  more  accessible. 

a)  Stimulation  of  both  sites  resulted  in  reduced  pain  responsiveness 

in  virtually  every  test  stimulus  trial  after  induction.  Intermediate 
stages  of  induction  were  not  as  rapid  using  the  Mental  Foramen  site. 

b)  Stimulation  of  the  Mental  Foramen  site  produced  equivalent  or 
superior  reductions  in  pain  responsiveness  judged  by  the  magnitude 
of  the  sensory  category  shift . Intermediate  stages  of  induction 
were  not  as  rapid  using  the  Mental  Foramen  site. 

c)  It  was  concluded  that  the  Mental  Foramen  site  can  be  substituted 
for  the  Intraoral  Mucosa  site  at  the  present  stage  of  technique 
development.  Future  work  will  permit  better  understanding  and 
hopefully  significant  improvements  in  EA  induction. 
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GATING  BLOCK  LA : CHRONIC  PSYCHOPHYSIOLOGICAL  EXPER IMENTS 

A.  The  work  of  the  present  contract  year  involved  the  final  development 
of  the  Chronic  experimental  model  and  the  initiation  of  the  first 
definitive  experimental  series  testing  EA. 

The  Chronic  model  features  pulp  stimulation  through  implanted 
electrodes  as  the  source  of  pain,  the  application  of  EA  through 
separately  implanted  electrodes,  the  use  of  an  acrylic  head  pedestal 
for  animal-equipment  communications,  the  use  of  Automatic  Shaping 
procedures  for  animal  training,  and  the  long-term  monitoring  of 
pulpal  stimulation  tolerance  using  the  Threshold  Titration  paradigm 
of  experimental  psychology. 

a)  The  complicated  series  of  training  paradigms  (Footshock,  Pulp- 
shock,  and  Threshold  Titration  are  described  in  their  fully 
developed  form,  and  the  nature  of  the  Chronic  model  is  quanti- 
tatively characterized. 

b)  During  the  present  contract  year  the  entire  Automatic  Shaping 
facility  was  placed  under  the  control  of  a microcomputer  system, 
greatly  increasing  the  reliability  compared  to  previous  antiquated 
apparatus . 

I 

C.  The  first  definitive  EA  experimental  series  has  recently  been  initiated, 
directed  to  a survey  of  duty  cycles  using  our  standard  stimulation 
frequency  and  waveform  (100  pps  bidirectional  rectangular  pulse  train) 
from  prior  human  work. 

a)  To  date,  the  data  from  twenty  experiments  has  been  analyzed.  The 
results  show  that  the  EA  stimulation  dramatically  increases  the 
tolerance  to  pulp  stimulation. 

b)  The  present  data  suggests  that  a large  duty  cycle  of  31.6%  may 
prove  to  be  somewhat  superior  to  duty  cycles  of  10.0%  and  3.16%, 
although  the  experimental  N is  too  small  for  definitive  conclusions 
at  present. 
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RECEPTOR  BLOCK  EA: 


ACUTE  NEUROPHYSIOLOGICAL  EXPERIMENTS 


A.  The  Acute  experiments  of  the  present  contract  year  involved  three 
Independent  series,  a preliminary  series  to  test  the  concept  of 
pulsating  direct  current  Receptor  Block  EA,  a series  to  identify 
the  optimal  duty  cycle,  and  a series  to  identify  the  optimal 
frequency. 

a)  The  conduct  of  the  latter  two  series  required  the  design  and 
fabrication  of  a sophisticated  high-frequency  isolated  pulse 
generator . 

b)  The  preliminary  series  demonstrated  conclusively  that  the 
pulsating  direct  current  waveform  permitted  retention  of  analgesia 
while  virtually  eliminating  post-EA  irreversibility,  indicating 
the  significance  of  duty  cycle  and  frequency  for  subsequent  study. 

c)  The  duty  cycle  series  established  that  10.0%  was  the  optimal 
duty  cycle,  as  that  value  produced  an  afferent  blockade  indistin- 
guishable from  continuous  direct  current.  Duty  cycles  of  3.16% 
and  1.00%  were  less  and  less  effective,  respectively.  Irrever- 
sibility problems  were  not  manifest  following  termination  of  the 
pulsating  EA. 

d)  The  frequency  series  established  that  the  optimal  frequency  in 
the  range  of  100  pps  to  100,000  pps  examined  is  approximately 
1000  pps.  This  result  is  unexpected  and  profound  because  it  lies 
above  the  normal  physiological  range  for  pulpal  fibers  and  far 
below  the  value  used  by  Limoge. 
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